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HISTORY BY GENERATION previous papers and is undoubtedly due 


This experiment involves the histories to strong selection against both homo- 


of 113 lines, all started from groups of 
4 s/a females and 4 s/a males (using s 
and a for the alleles spineless (ss) and 
aristapedia (ss*) for simplicity). These 
were continued by random selection of 
4 females and 4 males for 10 generations, 
except for 7 lines in which spineless be- 


zygous types, relative to the heterozy- 
gotes. 

The mean gene frequency of aristapedia 
fell from initial .50 to .3544 in generation 
5 among those in which fixation had not 
occurred but then rose somewhat to an 
average in the last 3 generations (.4032) 
which was substantially the same as that 


came fixed. An additional line became > (4 I} 

‘ . f ; n vener; ) 2 (4043). * Variance 
fixed in this respect in the 10th genera- '" h ee =. . 4 hase 8 Gur. 
in YR ol ' : , reached .0235 1 gener: S i - 
tion. The distributions of number of '<* red .02 in 2 generations and Hut 


aristapedia genes in each set of 8 flies is tuated about this thereafter. A x® test 
hown by generation in table 1, together ' homogeneity from generation 2 to 10 
L s** . ’ ~ ° ° - . 
with averages and variances of gene fr excluding previously fixed lines, and 
< CTAaAVves allt < ‘ Ces yee cC- . . 
ce ae grouping frequencies 0 and 1, and 11 to 
quencies for each generation, excluding : : : od 
; : a 14) gives x” = 61.5, n = 80, probability 
those previously fixed. ‘The small num- , :, ; 
Exed is; a . bake ot .94. Practically, we may consider that 
ver hixed 18s 1n marked contrast with the . . . yey . 
) ve ork 7 , . , 1; the distribution reached equilibrium of 
“@e : , : al ar scusse ; : ‘ 
results with forked and bar discussed In form in 2 generations with a mean gene 
frequency of .3882+.0049 and a stand- 


i-xperimental data by W. E. Kerr under a fel- a. nage 
ard deviation of .1536+.0035. 


lowship of the Roc kefeller Foundation, mathe- 


matical analysis by S. Wright. Acknowledgment 
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percentages (17.92:56.75:25.33) differ 
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294 WARWICK E. KERR AND SEWALL WRIGHT 
TABLE 1. The distribution of numbers of aristapedia genes, represented in each generation 
among 113 lines, consisting of 4 females, 4 males each. Newly fixed spineless is 
distinguished from previously fixed spineless. 
Generation | 
= ee ee Pte ee = ee eae 2 Total 
| 2-10 
o |] 1] 2 3 i a 8 9 10 | 
Old 0 | | | ayo; @|@|@/)/@)] oO | @ | 
New 0 | Lr a] 3] | 1 af oa] 4 | 8 
1 , ei a | 1 si-si 3 1| 3 i 18 
2 . a 5 4 8 4| 0 3 | 3 | 5 | 37 
3 1 | 6 | 9 | 9 | 10 6| 8 6} 8] 10} 72 
4 10 | 10 | 8 | 17 12} 13 | 11 | iS | 12 | 7 | 105 
5 | 11} 15 | 17 | 13 | 19 | 19 | 17] 15 | 10] 13 | 138 
6 | 11 | 17 18 18 18 19 | 24 | 14 14} 19 | 161 
7 | iain 21 18 | 16 14} 14] 17 18 12 | 154 
8} 113 | 22 17 | 12} 16} 14) 12 | 12 | 14 14} 16 | 127 
9 | 20] 8 | 10 6; 7] 12 ; 9] 7] 10] 10 79 
10 | | 7 | bi § 2 | 4 3a 25. % 10 6 | 47 
11 | | 6}; 6] 3 oi 8: £2 3t 2 2 3 | 24 
12 f 2] a] Of . oo 4 2 1 i; 8 
13 | | 0] | | 2 2 6 
14 | I 4 1 | | | | | 2 
Total | 113 | 113 | 113 | 113 | 112 | 109 | 109 | 109 | 108 | 107 | 106 | 986 
q .5000 | .4629 | .4043 | .3833 | .3711 | .3544 | .3830 | .3893 | 4051 | .4030 | .4015 | .3882 
oq 0 | .01707} .02351) .02333) 02515) .01896| .01932) .02095) .02603 02677) .02693) .02350 
significantly (probability <.001) and _ ence from generation 1 is probably sig- 


indicate viabilities of 63% for a/a and 
89% for s/s relative to that for a/s. 
There is probably also a slight difference 
between males and females (probability 
about .04) in the viabilities of the homo- 
zygotes relative to the heterozygotes of 
the same sex. ‘The present data give no 
indication of the true relative viabilities 
of males and females. 





a/a a/s s/s 
Males 525 1 965 
Females 740 1 .819 
Average .632 l 893 


As these data are from a compact 
group which may not reflect accurately 
the situation in later generations, the 
ratios were obtained from all sets of 8 
flies from generations 2 to 10, the parents 
of which consisted of 4 a/s females and 
4 a/s males (table 2). These differed 


even more from expected 1:2:1 than did 
generation 1 (viability 47% for a/a and 
57% for s/s relative to a:s). 


The differ- 





nificant (probability .04). Table 2 also 
shows the ratios from other vials in which 
gene frequency was .50 in both sets of 
parents but in which one or both sets con- 
sisted of 1 a/a:2 a/s:1 s/s instead of 4 
a/s in both sexes. In these cases, devi- 
ations from the 1:2:1 ratio among off- 
spring may involve differential produc- 
tivity of a/a and s/s relative to a/s as 
well as differential viability among the 
offspring. There is, however, no signifi- 
cant difference between (121-040) and 
(040-040) (females first in order a/a, a/s, 
s/s, males following in the same order) 
probability .80—.90, or between 121-121 
and 040-121 (probability .10—.20) but 
these two groups differ significantly from 
each other (probability <.01). It ap- 
pears that there can not be much differ- 
ence between a/a and s/s females in pro- 
ductivity but that a/a males are much 
less productive than s/s males under the 
conditions of these experiments. When 
the fathers consisted of 1 a/a:2a/s:1s/s, 
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the ratio among the offspring (19 a/a: 
146 a/s:67 s/s) includes fewer a/a and 
more s/s than expected if a/a males were 
completely nonproductive and s/s males 
were as productive as a/s males (22.2 
a/a:151.8 a/s:58.0 s/s if .50a:50s eggs). 
These data are not, however, numerous 
enough for reliable determinations of rel- 
ative productivities. 

The remaining data include so many 
types of mating with such entanglement 
of possible differences in productivity of 
a/a and s/s relative to a/s in both sexes 
that an analysis of the sort used in the 
much simpler sex-linked case of Bar did 
not seem practicable. We have, how- 
ever, taken out 4 fairly large, moderately 
homogeneous groups to obtain rough 
estimates. In group E (table 3) 2 or 3 
a/a female parents competed with at 
least one a/s female, but only one if any 
a/a male was present in the set of 4 
males. Group F gives the same sort of 
test for an excess of a/a males. In 
group G, there were 2 or 3 s/s females 
competing with at least one a/s female 
while only one if any s/s male and only 
one if any a/a male were present. The 
last condition prevents overlap with 
group F. Group H is similar with re- 
versal of the sexes and thus designed to 


TABLE 2. Offspring from vials 


| } 
, ; ’ . "a , 
indicated at the t 


F ; F \ 
» 040 I ) > 040 
7 040 ota 7 040 
no. // no o// no 
> a/a | 94) 20.8 $34, 11.0 19 | 18.3 
a/s | 254 | 56.2 | 2281 | 57.8| 66 | 63.4 
s/s 104 | 23.0 | 1229 | 31.2 19 | 18.3 
P a/a 68 | 15.0 389 99 13 | 12.5 
a/s 259 | 57.3 | 2198 | 55.7 71 | 68.3 
s/s 125 | 27.7 | 1357 | 34.4 20 | 19.2 
No. | 904 7888 208 
da S 48.9 39.9 50.0 
3" 43.7 37.7 46.6 
lot. 46.3 38.8 $8.3 


test productivity with an excess of s/s 
males present. 

The average gene frequency of arista- 
pedia is naturally rather high among the 
parents in E and F (.590, .585 respec- 
tively) and much lower in G and H 
(.346, .345 respectively). The offspring 
regress strongly toward the population 
average in all cases (.470 in E, .432 in F, 
.360 in G, and .400 in H). Using un- 
weighted averages, it appears that the 
parental difference between the two 
groups (.242) is reduced to only 29% of 
its value (.071) in the offspring, indicat- 
ing an average selection of more than 
70% against the homozygotes. The 
greatest deviation from the parental 
average is in F, again indicating complete 
or nearly complete failure of a/a males to 
produce in competition with a/s males, 
but the results in E indicate low produc- 
tivity of a/a females also. The most 
nearly normal productivity of homozy- 
gotes seems to be that of s/s females, in 
excess in G. 

With these indications as a starting 
point, sets of productivity coefficients 
were applied to the parental frequencies 
in E to H and constant viability coefh- 
cients were applied to the frequencies of 
the zygotes from random union of the 


} } 
ops of the columns 


B ( D 
y 121 - 040 ~ 121 A.D 
7 040 P 42) P12 
10 no. no 
12 13.6 6 9.4 4 7.7 41 13.3 
59 | 67.1 46 | 71.9 32 | 61.5 | 203 | 65.9 
17 | 19.3 12 | 18.7 16 30.8 64 20.8 
2 13.6 d 6.3 5 9.6 34 11.0 
59 | 67.1 4? 65.6 26 ©$0.0 | 198 | 64.. 


“Iw 


17 | 19.3 18 | 28.1 21 | 40.4 76 | 24. 


176 128 104 616 
47.2 45.3 38.5 46.3 
47.2 39.1 34.6 43.2 
47.2 42.2 36.5 44.7 


e ece~o « 


j 
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arrays of eggs and sperms estimated in 
each case. It appears that the viability 
coefficients (not distinguishing those of 
males and females) must be close to .50 
for a/a and .75 for s/s to account for the 
percentages of heterozygotes. These are 
lower than indicated in F;, but not so low 
as indicated by the progeny of a/s fe- 
males with a/s males of later generations. 
The productivity coefficients are easily 
narrowed by trial to the nearest .05. 
These indicate relative productivities of 
a/a, a/s and s/s females of about .40:1: 
.75 respectively of a/a, a/s and s/s males 
of 0:1:.25 respectively under the condi- 
tions in these groups of parents. 

The agreement with observed num- 
bers of offspring (table 4) is not good 
(x? = 13.3) but from inspection of the 
differences, it is evident that no single 
set of productivity and viability coefh- 


cients can account well for the resultsin H 
and the others. H seems to requirelower 
viability coefficients. 
tion of the above set of coefficients to 
groups A to D also gives a poor fit (x? = 
13.9) but this is considerably improved 


Similarly applica- 
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by using .40:1:.60 for the viability co- 
efficients of a/a, a/s and s/s respectively. 
If the single set of 6 coefficients based on 
E to H is applied to all 8 groups, x? 
27.2, n = 10, probability .001 to .01. 
This could no doubt be improved a little 
by deriving the coefficients with maxi- 
mum probability from all of these data 
but it is obvious that there must be com- 
plications either in assortative mating or 
heterogeneity. 

Possible sex differences in viability, 
indicated in the data from the first gen- 
eration, have been ignored above. 
Groups A to D collectively do not show 
significant differences in the frequencies 
of the sexes and the same is true of E to 
H collectively. In both cases, however, 
there is a suggestion that aristapedia has 


somewhat lower viability and spineless 
somewhat higher viability in males than 
in females, relative to a/s in both, in 
agreement with the data from the first 
generation. Even on combining A to H 
the distributions of the sexes differ only 
enough to give x? = 4.42, probability .10 


to .20. It is necessary to consider the 


TABLE 3. Offspring from vials in which the parents were in the categories indicated at the 
tops of the columns. The exact composition of the parental as well as the offspring 
populations are shown in the columns. 
E I ( H 
: 2,3 a/a,1,2a 0,1 a/a 2,3 s/s, 1,2 a 0,1 0,1 a/a 
0,1 a/a 3 a/a, 1,2 0,1 s/s, 0,1 a/a 3 s/s, 1,2 a 
Parents Offspring I Offspring Pare Offspring Parent Offspring 
no no rn 
9 a/a | 171} 54.1) 57 | 18.0; 21/ 11.9) 29) 16.5 24, 4.5 38} 7.2 |) 7.2) 57) 9.1 
i/s 118 | 37.3, 190 | 60.1) 117 | 66.5) 105 | 59.7, 210) 39.8 304) 57.6, 474) 76.0) 396) 63.5 
s/s 27 | 8.6; 69) 21.8) 38 21.6) 42 | 23.9) 294) 55.7; 186) 35.2) 105) 16.8) 171 | 27.4 
So a/a 46 | 14.6; 48) 15.2} 92 | $2.3) 24) 13.6 9; 7.4 10!) 7.6 6 t.2 56, 9.0 
i/s 194 | 61.4) 194 | 61.4) 69 | 39.2) 93 | 52.8 395) 74.8) 300) 56.8) 245 | 39.3) 376 60.3 
s/s 76 | 24.0; 74/ 23.4) 15! 8.5) 59) 33.5) 94/ 17.8) 188) 35.6) 353 | 56.6; 192 | 30.8 
No. 632 632 352 352 1056 1056 1248 1248 
da *& 72.8 +8. 1 45.2 46.3 24.4 36.0 $5.2 40.9 
ou 45.3 15.9 71.9 40.1 14.8 36.0 238 30 | 
Tot. 59.0 +7.0 58.5 $3.2 34.6 36.0 34.5 40.0 
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[ABLE 4. 


ex pec ted number, assuming productivity in females of genotypes a/a, a 
respectively, productivity of males of 0:1:.25 in the 


50 for a/a:1 for a/s: .75 fors 
I a/a 105 109.9 — 4.9 22 
a/s 384 399.5 —15.5 60 
s/s | 143 122.6 +204 3.39 
F a/a 53 14.1 + §.9 1.80 
a/s 198 212.5 —14.5 .99 
s/s 101 95.4 + 56 32 
G i/a 78 77.2 + 0.8 01 
a/s 604 610.9 — 6.9 .O8 
s/s 374 367.9 + 6.1 10 
H i/a 113 123.4 -10.4 88 
a/s 772 730.2 +41 8 ?.39 
S 363 394.4 -3]1 2.50 
Total 3288 3288.0 0 13.28 
Total i/a 349 354.6 » &¢6 09 
i/s 1958 1953.2 + 48 01 
s/s 981 980.3 | + 0.7 0 


total distribution from generations 2 to 
10 to obtain a 
probability .01 to .02 
too heterogeneous for more than rough 
Assume that the zygotic fre- 
the 
and faacm 


significant difference 


These data are 


estimates. 

and fez) are 
Let os F 
be the observed frequencies ol a/a fe- 
and simi- 


quencies faacz), faaz 
same in the sexes. 


males and males respectively 


larly 
laa(F f uaz) Vaa(F baa(M f .n(Z) Vaa(M 
f eK 


for a/s and s/s. 


fas(Z 
can now 


The ratio R,, 
be obtained. 


R V aacM faa(M)lasct 
= V aac fas(M)laack 
R Veecut les: M)las(} 
- V 20(F fas(M)I ss(1 
For Fs to Fyo, R 930, Re. 1.146. 


Letting 


The observed numbers of offspring of genotypes a/a, a 
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sin groups A to H and the 
s im the ratio .40:1:.75 
in both sexes of 


sand s 
s and s 
me order, and viability coefficients 


\ i/a 3? 32.0 0 0 

i/s 137 128.0 + OD .63 

s/s 39 is 0 90 1.69 

B i/a 4 23.9 + (1 0 

i/s 118 107.4 +-10.6 1.05 

s/s 34 44.7 —10.7 2.56 

z a/a 10 17.4 - 7.4 3.15 
i/s &8 78.1 + OY 1.25 

a/e 30 32.5 - 25 19 

[) i/a ) 12.5 3.5 98 

i/s 58 62.3 1 3 30 

s/s 37 29.2 7.8 2.08 

Total 616 616.0 0 3.88 
lotal i 75 RS 8 10.8 1.36 
i/s 101 375.8 25.2 1.69 

s/s 140 154.4 14.4 1.34 


\dopting 


Similarly 1f 


Veer) = .70, Veecm) = .80 


DISTRIBUTION OF 
FREQUENCIES 


THE 

(GENI 

[In cases in which viability differences 
are small, in which the productivity co- 
efficients of the various genotypes are 
sufficiently similar in males and females 
to be averaged without important errors, 
and in which mating is random, the 
average rate of change of gene frequency 
Aq) can be expressed as a simple func- 
tion of the gene Irequenc\ and the selec- 
Wright and 


tion coethcients Dobzhan- 


1946 


sky . 
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f (frequency) W (selection value) 
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a/a q 1—s W=1-—sq-—t(1l — q)? 
q(1 — q)dW . 
“ = SY —— w— (6 + tall — aia —- 
a/s 2q(1 —q) 1 Aq aw «dq (s + t)q( qa)(q — 4)/W 
s/s (1 — q)? 1—t q=t/(s+t) 


The distribution of gene frequencies at 
equilibrium is (Wright, 1937) : 


¢(q) = (C/o%q?) exp [2S (Aq/o%q)dq J 


If random drift is due solely to accidents 
of sampling 


Gig” = G(1 — q)/(2N) 


¢(q) = CW28/q(1—q) 
= C[1—sq?—t(1—q)? ?X/q(1—q) 


In the present data, the situation is 
obviously much more complicated. The 
genetic arrays of the sexes differ system- 
atically because of the differences in pro- 
ductivity and to a minor extent viability 
coefficients. Thus systematic depar- 
tures from the binomial square law are to 





be expected among zygotic frequencies 
even if mating is assumed to be at ran- 
dom. These departures could be ig- 
nored in obtaining rough approximations 
by use of the averages of the coefficients 
for the sexes (cf. Wright and Dobzhan- 
sky, 1946) if it were possible to deal col- 
lectively with all populations of the same 
zygotic gene frequencies. The most 
serious difficulty arises from the fact 
that the frequencies of genotypes are 
determinable only after large but un- 
doubtedly varying proportions of the 
homozygotes have died. Letting W,, = 
VasUas, Wee = VesUne, 8 = 1 — Waa, t = 
1 — W,,, where the U’s are productiv- 
ity coefficients. 


Gamete 
a: (q—sq?)/W 
s: [1—q—t(1—q)?]/W 


Zygote ' Imago 
a/a: oh V.aq?/D 
a/s: 2q(1—q) 2q(1—q)/D 
s/s: (1-—q)? V.s(1—q)?/D 





D=1—(1—V..)q?— (1— Vas) (1 —q)? 


The change of gene frequency from 
zygote to zygote and the distribution of 
zygotic gene frequencies are (approxi- 
mately) as given above but the change 
of gene frequency from imago to imago 
and the distribution of the gene fre- 
quencies in imagoes can not be expressed 
in simple form. The zygotic q is here a 
quadratic function of the imaginal q. 

We may, however, as in the case of 
Bar (Part II of this series), find an em- 
pirical relation between imaginal gene 
frequency and the change in the follow- 
ing generation. Table 5 shows the mean 
change in gene frequency in the offspring 
for each class of parental gene frequencies 


W =1-—sq?—t(1—q)? 


(generations 1 to 9), the variance of these 
changes (o%2) and the ratio q(1 — q), 
gi,7 which would indicate effective 2N,. 
if zygotic gene frequencies were in ques- 
tion and variability were due only to ac- 
cidents of sampling. 

Change of gene frequency is plotted 
parental gene frequency in 
From the form it appears that 


against 
figure 1. 


the formula, applicable to zygotic fre- 
quencies may give an adequate empirical 
fit. A rough evaluation of the coeffi- 
cients can be obtained as described pre- 
viously (Wright and Dobzhansky, 1946) 
from the regression of Aq on q in the 
nearly straight middle portion of the 
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q-2(1+ 3 (:- aa) 1-1 
WwW ~ q 1—q i 
! Aq \ ~ 
g=- 1-(1+ 2) | 
q q 
l Aq -_ 
pratt (- a) *] 


In the present case, the entries from 


q = 5/16 to q = 12/16 yield q = .452, 
Aq = — .0331, bag.q =— -568, W = 
.652, s = .875, t = .563, 4 = .392. If 


parental generation 1 is omitted, s comes 
out .878 and t .582. 

The ratio q(1 — q)/osq” varies irregu- 
larly but there is no clear trend except 
perhaps for small values between q = 
1/16 to 4/16. The indicated estimate 
for 2N, is 13.0 (instead of 16). Even 
this. however, is undoubtedly too high, 
since it is based on the variability after 
homozygotes have 
by selective 


the frequencies of 
been cut down severely 
viability (a complication that was absent 
or unimportant in the case of Bar). 

If Aq and o;,? for imaginal gene fre- 
quencies may be taken as approximating 
empirically the same functions as for the 
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raBLE 5. The observed changes per generation 
(Aq) in relation to gene frequency of parental 
populations of generations 1 to 9, the cal- 
culated values from the formula 


—t(1—q)?], s=.86, t=.60, G@=t/(s+?), 
the variance of changes, a5,7, 


and the ratio q(1—q)/as¢ 





Aq 

164 f ] Th? ul = 
y»bs. cak — 
1 17 | .0625 | +.0882 | +.0635 | .0127)| 4.6 
? 33 | .1250 } +.0511 | +.0866 | .0106 | 10.3 
3) 63.1875 | +.0972 | +.0867 | .0165 | 9.2 
4+, 108 | .2500 |} +.0689 | +.0724)| .0192 9.8 
5 136) .3125 | +.0533 | +.0489 | .0131 16.5 
6 | 153 | .3750 | +.0049 | +.0191 | .0174! 13.5 
7 | 164 4375 | —.0312 —.0147 | .0165 | 14.9 
8 | 133 |) .5000 | —.0536 \ —.0512)| .0162 15.4 
9 89 5625 -.1088 | —.0888 | .0237 | 10.4 
10) 48) .6250 | —.0950) —.1263 | .0233 10.1 
11 27 | .6875 1574, —.1621 | .0151 | 14.2 
12 8 .7500 | —.2969 | —.1938 | .0131 | 14.3 
13 5.8125 | —.1750 | —.2172 | .0147! 10.4 
14 2 | .8750 | —.2500 —.2231 | .0078 | 14.0 

15 0 9375 — 1863 

QS6 13.03 

zygotic frequencies, the distribution of 


imaginal gene frequencies should be ap- 
proximated by the formula cited except 





+.10- 4 ° 
° 
0 6 2 a 
° é 
- 10. . ° 
(0) 
-.20- J 
4 
(0) 
-.3Q- (2) 
0 ' 23 4 5 © FJ 8 F&F jO Wb 12 13 14 5 fe 


Fic. 1. 


Observed mean changes of gene frequency in relation to numbers 


of aristapedia genes in populations of eight flies (small circles) in comparison 


with those expected from the formula 


Aq =— (s+ t)q(1 — q)(q — 4)/[1 — sq? — t(l — q)*]; 
s = .86, t = .60, 4 = 411. 
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for the usual inaccuracy near the ex- 
tremes in applying a formula based on 
large 2N to populations with small 2N. 
The low rate of fixation is ignored. 

[t turns out that the values s = .88, 
t = .58 give toosmall a mean and 2Ne = 
13 gives, as expected, too small a vari- 
ance. It was found by trial that the 
values s = .86, t = .60, 2N. = 10.7 give 
the best fit without going to a larger 
number of decimal places. Figure 1 
shows how well the values of Aq cal- 
culated from these estimates of s and t 
fit the observed values of Aq. Table 6 
and figure 2 show the agreement between 
the observed and calculated frequencies 
of the gene frequencies. x? = 5.38, 
n = 9 (on grouping the small classes 12 
to 14), probability .80. 

We take this opportunity to correct a 
typographical error and a confusion be- 
tween two modes of presentation of 
certain equations in part II of this series 
(Evolution VIII, p. 235, right side) 

In line 8: 
— 4Ns instead of — 4N at beginning 


TABLE 6. The observed frequencies of aristapedia 
genes tn Sets of 8 flies (generations 2 to 10) from 
unfixed parental populations, in compari- 
son with frequencies calculated from 
s = .86,t = .60,2N,. = 10.7 








frequency 





164 oO Cc o—< ( 
0 8 10.4 —2.4 55 
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11 24 23.2 +(0.8 03 
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14 2 0.3 +5.6 3.02 

15 0 0 | 

16 0 0 

986 986.0 5.38 
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In line 9: 
q(1 — q)¢(q) = e%*x(q) 
In line 13: 
x(q) = Cq(1 — q)[1 + Ciq(1 — q) 


DISCUSSION 

In natural panmictic populations of 
ordinary size, genes subject to such enor- 
mous selection, as that against Bar in the 
second paper of this series, would be elim- 
inated too rapidly for random drift from 
inbreeding to be of appreciable import- 
ance. The same is probably true of 
forked (in the first paper) even though 
the selection against it was hardly de- 
tectible in the small experimental popu- 
lations. In the case of aristapedia and 
spineless, the enormous selection against 
both homozygotes would keep a large 
population very close to the equilibrium 
point (about 40% ss*). We may, how- 
ever, consider the experimental popula- 
tions as models, on exaggerated scales 
with respect to the effects of inbreeding 
and, in two cases, of selection, of situ- 
ations that might occur in isolated local 
populations in nature with respect to a 
pair of isoalleles or of alleles with pri- 
mary effects on multifactorial quantita- 
tive variability. 

[In arrays of such populations with 
effective size one thousand times as great 
as in the experimental populations, the 
random drift and ultimate fixation due 
to inbreeding would occur at only one- 
thousandth of the rates observed here. 
The forms of the distributions after ap- 
proximate stability has been reached (in 
one thousand times the observed periods) 
would, however, be nearly the same as 
observed if selective disadvantage in all 
cases is only one-tenth of a percent of 
those in the experiments. Such coeff- 
cients are reasonable enough for isoalleles 
or alleles with primary effects on quanti- 
tative variability (Wright, 1952). 

The experiments with forked may be 
considered as giving a model of the in- 
breeding effect in almost pure form. 


Those with Bar give a model of the case 
in which an allele tends toward fixation 
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number of aristapedia genes (small circles). 


These are compared with the 


theoretical frequencies in an array of populations in which a stable state has 
been reached with 86% selection against homozygous aristapedia, 60% against 
homozygous spineless, relative to heterozygotes, and with effective 2N of 10.7. 


but not so decisively as to prevent the 
unfavorable allele from 
drifting into fixation against the pressure 
of selection. Those with aristapedia and 
spineless illustrate an approach to equi- 


occasionally 


librium between alleles because of selec- 
tion both homozygotes, but 
balancing of these selection pressures 
against random drift from inbreeding in 
such a way that gene frequency varies 
from one extreme to the other 


against 


almost 
among the populations and one at least of 
the alleles may occasionally drift into 
fixation. 

It should be recognized that in natural 
populations with effective size in the 
thousands, all other types of steady and 
random drift are likely to be present. 
Isolation from the rest of the species is 
not likely to be so complete that immigra- 
Recurrent muta- 
tion may have to be considered. With 
respect to random drift it becomes nec- 
essary to take account of fluctuations in 


tion can be neglected. 


the coefficients pertaining to selection 
and amount and quality of immigration. 
In a broad sense, however, the experi- 
mental arrays may still be considered as 


exaggerated models of certain patterns 
of interplay of the directed and random 
processes which must be taken into ac- 
count in the study of natural populations. 


SUMMARY 


Among 113 lines, each starting from 
four ss*/ss females and four ss*/ss males 
and continued to fixation or to ten gen- 
erations by random selection of four 
females and four males in each genera- 
tion, there was rapid attainment of a 
stable distribution of gene fre- 
however, drifted 
Aristapedia 


nearly 
quencies. Spineless, 
into fixation in eight lines. 
reached a maximum gene frequency ol 
87.5°%%. The mean gene frequency of 
aristapedia came to be 38.8%. 

\nalysis indicated very strong selec- 
against both homozygotes in both 
The viabil- 


tion 
viability and productivity. 
itv coefficients were approximately in the 
ratio .50:1:. 
respectively with only slight differences 
The productivity coefh- 


75 for ss*/ss*, ss*/ss and ss/ss 


in the 
cients were approximately in the ratio 


sexes. 


40:1:.75 for these genotypes in females 
and 0:1:.25 in males. 

A relatively simple empirical formula 
was obtained for the net rate of change 
ol gene frequency per generation (net 
selective values in the ratio .14:1:.40). 
The observed distribution of gene fre- 
with that ex- 
pected from those values among popu- 
lations with effective 2N, of 10.7. 


quencies agreed closely 
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INTRODUCTION 


Evolutionary processes which occur in 
a species are determined by the genetic 
nature of that species and by the environ- 
ment in which it lives. As emphasized 
particularly by Wright (1931, 1948, 
1951) no single cause (such as mutation, 
gene recombination, selection, genetic 
drift, or any one factor of the environ- 
ment) is decisive in all evolutionary situ- 
ations. It is rather the whole pattern of 
all internal and external agents 
that is important, and these causal pat- 
terns vary from species to species. The 
recognition of the existence of a variety 
of evolutionary patterns in the living 
world is perhaps the outstanding differ- 
ence between newer and older theories of 


these 


evolution. 

Nevertheless, quantitative estimates of 
even the most important genetic param- 
eters are available for very few species. 
One of them is Drosophila pseudoobscura. 
Dobzhansky and Wright (1941, 1947) 
and Wright, Dobzhansky and Hovanitz 
(1942) have determined the magnitude 
of some of the variables for the popula- 
tions of this species in some localities in 
California. The present article reports 
the results of similar analysis of Brazilian 
populations of Drosophila willistont. 

Drosophila willistont and D. pseudo- 
obscura are ecologically dominant species 
of Drosophila in their respective distribu- 
tion areas (western North America for 
the former, American tropics for the lat- 
ter). Nevertheless, it will be shown that 
the two species differ radically in their 

‘Contribution No. 14 of the cooperative re- 
search project of the University of Sao Paulo and 
Columbia University on genetics and ecology of 
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genetic structure. In D. pseudoobscura 
the populations studied have limited 
genetically effective sizes, as shown by 
the much higher frequencies of allelism 
between lethals derived from the same 
population than between lethals from 
different populations. In D. willtstonzt, 
the rates of allelism among lethals are in 
most cases independent of the geographic 
origin of the latter. This indicates that 
this species exists in populations which 
may be treated as having infinitely large 
effective sizes. Only the populations of 
D. willistont coming from the small is- 
lands of Angra dos Reis have shown 
high rate of allelism within populations. 


a 


These island populations are, then, of 
limited genetically effective sizes. 


[HE POPULATION PARAMETERS 


[t is well known that natural popula- 
tions of Drosophila and of other sexually 
reproducing and cross-fertilizing organ- 
isms carry great stores of concealed re- 
cessive genetic variants. In particular, 
many of the in these 
populations are lethal in double dose, 
because of the occurrence in them 
recessive mutant genes or lethal gene 
combinations. As shown by Wright, 
Dobzhansky, and others, the study of 
these recessive lethals may give some 
the 


chromosomes 


of 


valuable information concerning 

genetic population structure. 
According to Wright (1943, 1948, and 

other works) the main population param- 


eters are eight in number, namely: 


N —genetically effective size of local 
populations 
F —coefficient of inbreeding of these 


populations 
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: m —coefficient of migration between 
the populations 

n —number of loci in 
somes capable of giving rise to 
lethal mutations 

v —mean mutation rate 
giving rise to lethals 

oy°—variance of mutation rates giving 
rise to lethals 

5 —mean selection coefficient against 
heterozygous carriers of lethals 

o,7—variance of the selection coeff- 
cient against the heterozygous 
carriers of lethals. 


the chromo- 


per locus 


A direct determination of all these 

population parameters has so far not been 

id | found feasible in any species. However, 
certain inferences concerning some of 
them are possible from primary data 
which are experimentally determined 
with varying degrees of precision. 
These primary data are as follows: 


( —the frequency in natural popula- 
tions of chromosomes which are 
lethal when present in double 
dose, 

\ —the rate of origin of lethal chro- 
mosomes by mutation, 

P,—the rate of allelism of independ- 
ently arisen lethal chromosomes, 
and 

P —the rate of allelism of lethal 
chromosomes within a local popu- 
lation. 


THE FREQUENCIES OF LETHAL 
CHROMOSOMES AND GENES 


Pavan et al. (1951) have analyzed 
2,004 second chromosomes from popula- 
tions of D. willtstont in twelve localities in 
tropical Brazil, and found 41.2+1.1 per 
cent of these chromosomes to be lethal or 
semilethal when homozygous (present in 
double dose). Later we analyzed 410 
chromosomes from a thirteenth locality. 
Angra dos Reis, and found 42.7 per cent 
of them lethal or semilethal to homozy- 
In sum, 2,414 chromosomes were 


gotes. 
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analyzed, and 41.5+1.0 per cent of them 
were lethal or semilethal. Different 
localities showed no striking heterogene- 
ity with respect to the incidence of lethal 
chromosomes. However, Townsend 
(1952) and Cordeiro (quoted by Dob- 
zhansky and Spassky, 1954) found that 
geographically submarginal populations 
of the same species in Florida and in 
southernmost Brazil, have somewhat 
lower frequencies of lethals (31.1+4.4 
and 28.4+1.8 per cent respectively). 
Since the lethals tested in our experi- 
ments came from the same populations 
as those studied by Pavan et al., we may 
take the value of Q to be equal for our 
purposes to 0.415+0.010. 

The technique used for the detection of 
lethal chromosomes does not distinguish 
between chromosomes which have a 
single recessive lethal gene, and those 
The 


per 


having two or more such genes. 
mean frequency of lethal 
chromosome in the Brazilian populations 
may be determined by the formula (see 
Dobzhansky and Wright, 1941; Prout, 
1954) 


genes 


ng =— In (1 — Q), (1) 


where n is the number of loci in the sec- 
ond chromosome of D. willistont which 
produce recessive lethals by mutation, q 
the mean frequency of lethals per locus 
in the population and In the natural 
logarithms. The formula assumes that 
the numbers of lethals in the chromo- 
somes in nature have a Poisson distribu- 
tion. Using this formula, the ng value 


for our populations equals 0.536. 


THE MUTATION RATE 


Dobzhansky, Spassky, and Spassky 
(1952) have found that, in laboratory ex- 
periments, approximately 59 lethal and 
semilethal mutations have arisen in 6011 
chromosome-generations analyzed. This 
indicates a mutation rate, V, in the sec- 
ond chromosomes of D. willistoni of ap- 
proximately 0.00983, with 95 per cent 
confidence limits of 0.00760—0.01272. 
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GENETIC POPULATION STRUCTURE 
TABLE 1. 
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RATE OF ALLELISM OI 
INDEPENDENT LETHALS 


xperiments were arranged to test the 
frequency allelism lethals 
13 different 
parts of 


of between 


localities in various 
the extreme 


Of these locali- 


trom 
Brazil (except 
south) listed in table 1. 

Vila Atlantica, Mogi das Cruzes, 
and Pirassununga are in the State of Sao 


ties, 


Paulo, Angra dos Reis in the State of Rio 
de Janeiro; Goias (Fazenda Monjolinho) 
is a state in the central part of Brazil, 
(atuni in the State of Bahia, Fazenda 
Palmares, Japiim, Rio Moa, and Cruz- 
the Territory Acre, 
bordering Peru and Bolivia, Belem in the 
State of Para; Rio Negro refers to the 


eiro do Sul in of 


banks of the river of this name northwest 


of Manaus in the State of Amazonas: 
and Mueajai is in the Territory of Rio 
Che 


Vary 


between these 
20 miles 


to hundreds and even 


Branco. distances 


localities from about 
Japim, Rio Moa 
thousands of miles. The natural migra- 
tion D. 
Burla et al., 1950 


assume that the lethals found in the pop- 


rates of willtstont are so slow 


that we feel it Sate to 


ulations of different localities are inde- 
pendent in origin, t.e., that they are de- 
scended trom different mutations. The 


lethals found within any one of the popu- 
lations may, of course, be partly of in- 
dependent origin and partly of common 
origin, descended from the same original 
mutant Wright, 
Hovanitz, 1942). 


Dobzhansky. and 
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The conditions in one of the localities, 
namely Angra dos Reis, require further 
comments. Here the flies were collected 
on five different islands in the Bay of 
Angra dos Reis (see table 2). These 
islands vary in size from about 15 
thousand square meters (Queimada Pe- 
quena) to about ten times this area 
(Emboassica). The distances between 
the islands on which collections were 
made vary from about 200 meters (Que- 
imada Pequena to Queimada Grande) to 
several kilometers from each other and 
from the continent. In view of the rela- 
tive smallness and the strong isolation of 
the populations of the different islands, 
we felt it possible to treat them as five 
separate localities, although they are, of 
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course, much more nearly adjacent than 
any other localities in our material. 

The lethals are perpetuated in bal- 
anced strains, the Star Hooked abbrevi- 
ated brown Inversion chromosome acting 
as a balancer (see Pavan ef al., 1951). 
The allelism tests have been made by in- 
tercrossing different strains, and observ- 
ing the presence or absence of wild-type 
(non-Star, non-Hooked) flies in the off- 
spring. When many wild-type flies were 
present, no counts were made, and the 
lethals involved were scored as non- 
allelic. When no wild-type appeared, 
the cross was repeated three times, to 
exclude the possibility of experimental 
errors. No intermediate situations were 
observed, perhaps because only complete 


TABLE 2. 
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TABLE 3. 


Intra-locality 


Locality 





Number of alleles 
Mogi 1 
Catuni I 
Pirassununga 3 
Angra (Within Islands) 7 


Total 12 
lethals and extreme semilethals were 
used. The numbers of the. crosses 


examined are indicated in table 1. Not 
all the possible crosses between the leth- 
als were made (with A lethals from one 
locality, and B lethals from another, AB 
crosses are possible). The total number 
of crosses between lethals from different 
10,185. This number in- 
cludes the intercrosses of the lethals from 


localities is 


the different islands of Angra dos Reis. 
(These intercrosses are shown in table 1 
combined with the tests for allelism be- 
tween lethals from the same island; the 
figure 4,227 
up in 1,363 intercrosses between lethals 


intercrosses is, then, broken 


from the same island and 2,864 inter- 


crosses between lethals from different 
islands, as shown in table 2.) 

Table 3 lists the crosses between strains 
containing lethal chromosomes 
different localities in which allelic lethals 
have been found. _A total of 16 inter- 
among 10,185 contained allelic 


This gives the estimate of the 


from 


crosses 
lethals. 
value P,, the rate of allelism between in- 
dependently arisen lethal chromosomes, 
of 0.00157. 
interval for this estimate is 0.00096 to 
0.00258. lethal 
may contain more than one lethal gene 


The 95 per cent confidence 


Since a chromosome 
(see above), we may also calculate the 
value p,, the rate of allelism between in- 
dependently arise lethal genes, according 


307 


Allelic lethals found among the intercrosses 


Inter-locality 


Number of alleles 


Locality 





Vila Atlantica X Mogi 

Vila Atlantica X Pirassanunga 
Vila Atlantica X Angra 

Vila Atlantica X Palmares 
Mogi X Cruzeiro do Sul 
Mogi X Goias 

Mogi X Palmares 

Angra (Between Islands) 
Angra X Catuni 


— Ue ee ee ee ee 


— 
~ 
~ 


Total 


to the formula: 


De = P.(Q/ng)? = 0.00157 
xX (0.415/0.536)? = 0.000941, (2) 


and the confidence intervals from 0.000- 
632 to 0.001395 (Wright, Dobzhansky, 
Hovanitz, 1942). 

RATE OF ALLELISM OF LETHALS FROM 
THE SAME POPULATION 


As shown in table 1, a total of 4,319 
made between 
chromosomes 


intercrosses have been 

strains containing lethal 
derived from flies collected in the same 
locality. This figure includes the 1,363 
intercrosses between lethals from popu- 
lation samples taken within individual 
islands of Angra dos Reis. Since these 
island populations may not be compa- 
rable with populations on the continent 
see above), they may be treated sepa- 
rately. Excluding them, we have 2,956 
intercrosses between lethal chromosomes 
originating within a continental locality. 
As shown in table 3, five crosses have 
been found to allelic lethals 
within Mogi, Catuni, and Pirassanunga 
localities, and seven crosses with allelic 
lethals from Angra This 
vields an estimate of P, the rate of allel- 
ism of lethal chromosomes within a con- 
0.00169, and 
within a population of an island of 
Angra dos Reis of 0.00514. The 95 per 
cent confidence interval for continental 


contain 
» © ie 
Reis. 


dos 


tinental population, of 
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populations is from 0.00071 to 0.00402 
and for the islands of Angra dos Reis 
from 0.00247 to 0.01070. 

The rate of allelism lethal 
genes from the same locality, p, may be 
computed as: 


between 


p = P — (P.. — Pew), (3) 


which fer continental populations gives 
the value 0.001061 (the confidence inter- 
val 0.00038—0.00285), and for the islands 
of Angra dos Reis 0.00451 (the confi- 
dence interval 0.00214—0.00952). 


(COMPARISON OF RATES OF ALLELISM OF 
LETHALS WITHIN AND BETWEEN 
LOCALITIES 


Making all the allowances for the 
great experimental errors involved in the 
above estimates, certain conclusions from 
the data seem nevertheless justified. 
First, the frequency of allelism between 
lethals from the same continental popu- 
lation (0.001061) is not significantly 
different from that of the allelism of in- 
dependently arisen lethals (0.000941). 
Second, the frequency of allelic lethals 
encountered within island populations 
in Angra dos Reis (0.00451) is higher 
than that for independently arisen leth- 
als. (The respective confidence inter- 
vals are 0.00214—0.00952 and 0.000632 

0.001395.) Thirdly, lethals from the 
island populations of Angra dos Reis are 


allelic probably more frequently than 
those within continental populations 
(the confidence intervals 0.00214 


0.00952 and 0.000382—0.002835). 

The situation observed in the Brazilian 
populations of D. wiillistoni differs pro- 
foundly from that observed by Wright, 
Dobzhansky, and Hovanitz (1942) in the 
California populations of D. pseudoob- 
scura. Inthe latter populations, the fre- 
quency of alleles among lethals in the 
third chromosomes derived from flies col- 
lected at the same station Mount 
San Jacinto) is 0.0207, and at the same 
locality (in the Death Valley region) is 
0.0305. The comparable rate of allelism 
of independently arisen lethals is, in D. 


(On 
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pseudoobscura, 0.00345, or only about 
one-sixth to one-ninth of the allelism 
within a station or a locality, the differ- 
ence being statistically quite significant. 
[It may be pointed out in this connection 
that the territories of our ‘‘localities”’ 
within which the collections have been 
made in Brazil correspond fairly closely, 
to the of Wright, Dobzhan- 
sky, and Hovanitz. 

The difference found between the be- 
haviors of the lethals in D. wtlltstont and 
D. pseudoobscura is indicative of an im- 
portant dissimilarity of the genetic pop- 
ulation structures in these two species. 
As shown by Wright (in Dobzhansky and 
Wright, 1941, 1947; Wright, Dobzhan- 
sky and Hovanitz, 1942, and elsewhere; 
see also Prout, 1954), the greater fre- 
quency of alleles among lethals from the 
same population than among independ- 
ently arisen lethals is most likely due to 
restriction of the gentically effective size 
of the populations concerned. If this is 
the case, the genetically effective sizes of 
the continental populations of D. will1- 
stont (the value N) are not distinguish- 
able from infinite. On the other hand, 
the N’s for the California populations of 
D. pseudoobscura and for the island pop- 
ulations of D. willistont at Angra dos 
Reis are clearly limited. An attempt to 
assign a numerical value for the N at 
Angra dos Reis meets, however, with 
difficulty, 


‘“‘stations’’ 


as explained below. 


NUMBER. OF 
SECOND 


PROBLEM OF THI 
Loct IN THI 
(*HROMOSOMI 


Hi 
\IUTABLE 


> 

As shown by Wright (in Dobzhansk\ 
and Wright, 1941; see also Prout, 1954), 
the number of loci in a chromosome which 
produce recessive lethals by mutation 
n) is related to the frequency of allelism 
between independently arisen lethals 
(?..). the mean mutation rate per locus 
producing these lethals (¥), and the 
variance of mutation rates from locus to 
that of 


rates against the heterozygotes (07, :p)) as 


locus, together with selection 
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follows (Dobzhansky and Wright, 1941): 
n= 1/p.(1 + a7. (p)/G") (4) 


Since the variance of the mutation and 
selection rates per locus is in practice not 
accessible for experimental determina- 
tion, the improbable assumption is made 
that this variance is equal to zero. In 


this case the number of mutable loci 
may be estimated simply as: 
n = 1/p. (5) 


but the figure obtained is certainly an 
underestimate. Using this formula, the 
n for the second chromosome of D. will1- 
stont will be n = 1: 0.000945 = 1,063 
with 95 per cent confidence limits of 717 
to 1,582. 

This estimate should be compared with 
that made by Wallace (1950) for the 
second chromosome of D. melanogaster, 
which is 400, with confidence limits 234— 
718. D. willtstont and D. melanogaster 
are fairly closely related species (belong- 
ing to the same subgenus), and their 
chromosomes are known to contain 
mostly the same loci (Spassky and Dob- 
zhansky, 1950). The strikingly differ- 
ent estimates of the number of Mutable 
loci made by Wallace and by ourselves 
require an explanation. Although the 
confidence limits for the two estimates 
overlap slightly, the difference is un- 
likely tobe due tosampling errors. Wal- 
lace’s figure is based on studies of lethals 
induced by X-ravs, and ours on 
with naturally lethals; 
difference is, however, unimportant, since 
1945 
among independent naturally occurring 
lethals in D. melanogaster which is very 
close to that found by Wallace. [ves’s 
figure leads to an estimate of n 495, 
with confidence limits 285-705 (Wallace, 
1950). shows that the 
the n’s 


work 
occurring this 


Ives found a Irequency ol alleles 


The equation (4 


observed difference between 
might be accounted for if the group of 
lethals tested in D. willistont were con- 
siderably less uniform than those in D. 
melanogaster (the variance, oy”, greater 


in the former than in the latter species). 
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There is, however, no obvious reason 
why this should be so. 

We must face the possibility that there 
is a real difference in the n, the number of 
mutable loci, in the homologous chromo- 
somes of the two species. Our argu- 
ments have, up to this point, been based 
on the implied assumption that the 
lethality of a chromosome in homozy- 
gotes is due to discrete mutant alleles, 
each of which causes death of the homo- 
zygotes regardless of the other genes in 
the same chromosome. Yet, Dobzhan- 
sky (1946) has been the first to discover 
the so-called ‘‘synthetic 
lethals.”’ between two 
chromosomes neither of which is lethal 
to homozygotes produces in D. pseudo- 
obscura, some chromosomes which are 
lethal in double Wallace ef al. 

1953) found the same to be the case in 
D. melanogaster. Dobzhansky worked 
with chromosomes derived from natural 
populations, while Wallace et al. dealt 
from laboratory 


existence of 
(Crossing-over 


dose. 


with chromosomes 
x-raved populations. 

The phenomenon of “synthetic leth- 
als”’ is still very little known, although it 
may prove to be quite important in pop- 
ulations of some species, including man. 
[t is possible that lethals in Drosophila 
and hereditary diseases in 
human populations) are of kinds. 
First, there may occur mutations which 
produce alleles of certain loci which are 


populations 
two 


alwavs lethal to homozygotes, regardless 
of what other genes may be present in the 
there may 
are lethal 


same Secondly. 


exist alleles at some loci which 


genotype. 


only in combination with certain alleles 
it other loci. Chere is no need to SUup- 
pose that the loci which produce the un- 
conditional and the svnthetic leth 
mutate 


ils are 


ilwavs distinct: some loci may 
former and 


Che differ- 


sometimes to alleles of the 
sometimes of the latter kind. 
ence in n, the numbers of mutable loci, 
in the second chromosomes of D. melano- 
gaster and D. willistont may, then, be due 
to the inclusion of a greater number of 


synthetic lethals in the material studied 
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by ourselves than in that examined by 
Wallace (1950) and Ives (1945). 

Because of the absence of data con- 
cerning the incidence of synthetic lethals 
in D. willistont and D. melanogaster, 
estimates of the magnitude of the popu- 
lation numbers (N) became extremely 
difficult. Indeed, the value N is esti- 
mated from equations which include the 
quantities ¥ and q, the mean mutation 
rates per locus and the mean frequency 
of the lethals per locus in the populations 
concerned (Wright, Dobzhansky, and 
Hovanitz, 1942). The values ¥ and q 
are estimated by dividing V and Q (the 
total mutation rate and the frequency of 
chromosomes which carry at least one 
lethal) by n, the number of loci which 
produce lethals. Very fortunately, this 
difficulty does not affect the estimate of 
N for the continental populations of D. 
wiilistoni. This is because the observed 
rates of allelism within and between con- 
tinental populations are sensibly identi- 
cal. Such identity means, regardless of 
the number of mutable loci involved, 
that the effective population size (N) is 
not distinguishable from infinity. The 
continental populations of D. willistoni 
in tropical Brazil have properties ap- 
proaching those of ideal infinite popula- 
tions. 

A different situation obtains in the 
populations of the small islands in the 
bay of Angra dos Reis. Here the lethals 
collected within an island are allelic more 
frequently than are independently arisen 
lethals. Calculations made with differ- 
ent values on n (corresponding to the 
confidence limits 717 and 1582) have 
given figures for N in thousands. 


SELECTION AGAINST HETEROZYGOTES 
CARRYING LETHALS 


As indicated above, the average fitness 
of heterozygotes carrying a 
chromosome which is lethal in double 
dose is lower than that of individuals 
free from such chromosomes. It should 


second 


be emphasized that the average reduction 
of the fitness in heterozygotes for lethals 
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does not preclude the existence of some 
lethals which are neutral or even hetero- 
tic in combination with certain chromo- 
somes (Cordeiro and Dobzhansky, 1954). 
Prout (1952) the mean 
selection coefficient against the hetero- 
zygotes for lethals in natural populations 
of D. willistont using Wright's formula: 


has estimated 


‘ V — PQ*(1 + V) | 
= 00 +2V)-2PQ”0+v) 
Prout’s estimate of S is close to 0.020. 
Using the same formula, we obtain for 
the combined data from all the popula- 
tions studied by ourselves the estimate of 
0.0226, which is certainly not appreci- 
ably different from Prout’s. 


DISCUSSION 

Although only the orders of magnitude 
of some of the genetic parameters have 
been determined for Brazilian popula- 
tionsof Drosophila willistoni, these param- 
eters give a rough idea about the genetic 
structure of these populations. It is 
interesting to consider this information 
against the background of what is known 
concerning the ecological properties of 
the species, and to compare the situation 
in D. willistont with that in other species 
of Drosophila. 

D. willistont is the commonest, or one 
of the commonest, species of Drosophila 
in most parts of tropical Brazil. Fur- 
thermore, it occurs in a great variety of 
habitats—from equatorial and coastal 
rain forests to gallery forests and savan- 
nas of the interior, and even to the deserts 
(caatingas) of the northeastern part of 
the country. The adults are attracted 
to many kinds of fermenting fruits and 
other carbohydrate-rich substances. 
Little is known about the food of the 
larvae but it is likely that they may de- 
velop in many, if not in all, places which 
attract the adults. In some localities 
the populations undergo pronounced 
seasonal expansions and contractions, 
while in other localities the populations 
seem to remain large and actively breed- 
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ing throughout the year (Dobzhansky 
and Pavan, 1950; Pavan, 1952). 
Being a common, ubiquitous, 
ecologically very versatile species, the 
local populations of D. willistont show 
the genetic properties indistinguishable 


and 


from those expected in ideal populations 
of infinite effective size. In such species, 
all populations will carry most of the pos- 
sible mutant alleles of all genes, with fre- 
quencies determined by their mutation 
and The 


frequencies of alleles between mutants 


rates selection coefficients. 


found in natural populations should, 
then, be independent of the geographic 
origin of these populations. This is ex- 
actly what is indicated by our data, ex- 
cept for the Angra dos Reis populations. 
[t is interesting that the California pop- 
ulations of D. pseudoobscura studied by 
Dobzhansky and Wright show signifi- 
cantly higher frequencies of alleles be- 
tween mutants found within a population 
than between those found in geographi- 


cally pseudo- 


remote populations. D. 


obscura is an ecologically dominant 
species in western United States, but the 
effective sizes of its populations are evi- 
dently smaller than in D. willtstont, and 
this despite the fact that the migration 
the value m, 
greater in D. 
Wright, 


Burla ef al.. 


rates see above) are ap- 
bseudoobhscura 
1947 
1950 


preciably 
Dobzhansky and than 
in D. willistona lhe 
explanation is probably that the popula- 
tions ol dD. pseu loobs. ura are subject to 
much greater seasonal expansions and 
contractions than those of tropical species 
like D. willtstont, at least in many of the 
localities inhabited by the latter. 
Another property of D. willistont is 
the presence in its populations of great 
stores of genetic \ iriability, both con- 
cerning the structure of its chromosomes 
[n this respect D. willt- 
the 


and of its genes. 


sont exceeds its close relatives in 


tropics—D. paulistorum, D. tropicalis 
and D. equinoxtalts, which are less com- 
Lob- 
zhansky, Burla, and da Cunha, 1950); it 


the 


mon and ecologically less versatile 


also exceeds temperate D. pseudo- 
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obscura, which is comparable to D. willi- 
stont in ecological dominance. Compar- 
ison of the mutation rates in the homol- 
ogous chromosomes suggests that D. 
willistont is also more mutable than D. 
pseudoobscura, D. melanogaster, and the 
rare species D. prosaltans which is sym- 
patric with D. willastont (Dobzhansky, 
Spassky, and Spassky, 1952). Whether 
this higher mutability characterizes the 
chromosomes as wholes, or also separate 
gene loci in these chromosomes, is un- 
certain in view of the divergent estimates 
of the numbers of mutable loci in appar- 
ently homologous chromosomes _ (see 
abov = 

laken as whole, the genetic system 
found in D. may, perhaps, 
prove to be characteristic of ecologically 
biotically 


willistont 
successful, versatile species, 
which form large interbreeding popula- 
tions. 


SUMMARY 


natural populations of 
Drosophila willistont were collected in 
Brazil. Among the 
chromosomes from these 


Samples of 


various parts of 


2,414 


samples which were tested for viability 


second 


effects in homozygous condition, 41.5+ 
0.1 per cent proved lethal or semilethal 
Strains containing 321 
semilethal 


to homoz, votes. 
lethal or 
chromosomes from 13 different localities 


of these extreme 


were intercrossed in order to test which 
10,185 


intercrosses the lethal chromosomes were 


of these lethals were allelic. In 


derived from populations of remote lo- 
these intercrosses the 


Che rate of allelism 


calities; in 16 of 

lethals were allelic. 
between lethals of independent origin iS, 
therefore, 0.00157. In 2,956 intercrosses 
the pairs of lethal chromosomes were de- 
from the in 5 of 
them the lethals were alleles. 


rived same locality: 
Che rate 
of allelism between geographically re- 
lated lethals is, then, 0.00169. Only the 
lethals found in the populations of small 
isolated islands of Angra dos Reis were 
alleles somewhat more frequently: 7 


alleles in 1, 
0.00514 


363 intercrosses, or a rate of 
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From the rate of allelism of independ- 
ently arisen lethals, the number of gene 
loci in the second chromosome of D. wiill1- 
stont can be estimated to be at least 
1,063. This is more than double the 
estimate of the corresponding number in 
the second chromosome of D. melano- 
gaster made by Wallace. And yet, the 
second chromosomes of these two species 
have been shown by Spassky and Dob- 
zhansky to carry mostly the same loci. 
One of the possible reasons of the dis- 
crepancy may be that some of the lethals 
in the chromosomes of natural popula- 
tions of D. willistonit are ‘“‘synthetic,”’ 
i.e., due to linkage of two or more loci 
neither of which is lethal by itself. Al- 
though the possibility of the occurrence 
of synthetic lethals introduces an ele- 
ment of ambiguity in calculation of cer- 
tain genetic population parameters, the 
fact that the rates of allelism of lethals 
are independent of the geographic origin 
of the latter (except in the islands of 
Angra dos Reis) is very significant. It 
shows that the genetic structure of 
Brazilian populations of D. willistont 
approaches that of ideal populations of 
infinite effective size. In this respect D. 
willistont differs greatly from the Cali- 
fornia populations of D. pseudoobscura 
which have been shown by Wright and 
Dobzhansky to be of limited genetically 
effective sizes. 
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INTRODUCTION 

The Peromyscus leucopus species group 
includes two species, the wood-mouse 
(Peromyscus leucopus) and the cotton- 
mouse (P. gossypinus) (Osgood, 1909). 
Both species are inhabitants of forested 
areas in the eastern part of the United 
States and in part of the Mississipp1 
Valley the geographic ranges of the two 
species overlap broadly. Where these 
two sympatric species occur together, 
leucopus is generally restricted to the up- 
lands and gossypinus occurs predomi- 
nantly in the lowlands (Howell, 1921; 
McCarley, 1954). Occasionally, however, 
their ecologic distribution may overlap 
(Calhoun, 1941; McCarley, op. cit.) 

The potentialities for natural hybridiza- 
tion have been shown to exist in all verte- 
brate groups that have been adequately 
studied (Blair, 1951). In nature there 
apparently are certain isolating factors 
that tend to keep a considerable number 
of sympatric species separate and distinct. 
These isolating factors and their effect on 
natural populations have been pointed out 
by Mayr (1942), Blair (1951), and 
others. It seems to be true that popula- 
tions of animals usually acquire mecha- 
nisms of reproductive isolation before they 
have diverged genetically to the point of 
intersterility (Blair, op. cit.). With the 
exception of the birds there are compara- 
tively few reports of interspecific hybrid- 
ization in nature in the vertebrate groups. 
Only one presumed interspecific hybrid 
reported from 
Four 


combination has_ been 


nature in the genus Peromyscus. 
presumed hybrids between /eucopus and 


1 Presented as a portion of a doctoral disser 
tation at the University of Texas. 


Evo.uTIon 8: 314-323. 


December, 1954. 


Feb. 8, 1954 
gossypinus have been reported from Ala- 
bama by Howell (1921). 

Dice (1937, 1940) demonstrated that 
there is apparently complete interfertility 
between Peromyscus leucopus and P. gos- 
sypinus. Dice (1940) 
demonstrate that the offspring from these 
various interspecies crosses are fully in- 
terfertile, both with each other and when 
backcrossed to the parent stocks, 


was also able to 


Because the leucopus group is poten- 
tially capable of producing interspecific 
hybrids (at least in the laboratory), a 
critical analysis was undertaken of avail- 
able specimens from the zone where the 
geographic ranges of the two species over- 
lapped. For this purpose 415 specimens 
were available from the following sources: 
Museum of Zoology, Louisiana State Uni- 
versity; U. S. Fish and Wildlife Service ; 
Department of Wildlife Management, 
Texas A. and M. College; Texas Natural 
History Collection, University of Texas; 
and had 
These 415 specimens were studied with 


specimens which | collected. 
the primary purpose of learning whether 
natural hybridization did or did not occur 
in the Peromyscus leucopus species group. 
Because only adult specimens were uti- 
f the 415 
available specimens could be fully utilized 
(see table 1). 

[ wish to thank 


lized in this study only part « 


Dr. W. F. Blair for 
advice during the course of this study 
and for critically reading the manuscript. 
[ am grateful to Mr. W. N. 


Bradshaw, 


Dr. W. A. Thornton, and Mr. W. V. 
Robertson for assistance with the field 
work. I wish to thank Mr. Philip Mc 


Carley for aid in preparation of the illus- 
trations and Dr. W. B. Davis, Dr. H. H. 
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T. Jackson and Dr. George Lowery for 
loaning specimens for study. 

As has been pointed out earlier (Os- 
good, 1909; Dice, 1940), the only obvious 
morphological distinction between the spe- 
cies leucopus and gossypimus is that the 
latter is decidedly the larger. Because 
these two species are widely distributed 
and occupy somewhat diverse areas there 
is a considerable amount of 
variation in their morphological charac- 


geographic 


ters. As a result of the morphological 
variation within each of the two species, 
there are no clear cut qualitative differ- 
ences than can be used to definitely sepa- 
rate the two species (Dice, 1940). The 
most useful character for distinguishing 
between the two species appears to be 
hind foot. The cotton- 
mouse nearly always has a much larger 
hind foot does the 
There is 
over the entire geographic range of the 

species, but it has been that 
as a rule the length of the hind foot does 
This situa- 


length of the 
than wood-mouse. 
an overlap of this character 


two found 


not overlap in a given area. 
tion was also the case for the /eucopus and 
examined | (1940) 


gossypinus by Dice 
the Dismal Swamp region of Vir- 


from 
ginia. There are apparently no other con- 
sistent differences between the two species 
in morphological characters. 

The foll 


tion is based on certain morphological 


hvbridiza- 


owing discussion of 


characters. In all of the individuals that 


were examined, the following 
measurements were obtained: 


length of tail, length of hind foot, 
] 


greatest 


length of ear (in part), 
of skull. narrowest width of interorbital 


constriction, length of diastema, greatest 


th of maxillary tooth 


row, and great- 
The externa! 
taken 


the specimens. 


eng 
7 Pp ~ | 17 
est length of auditory bulla. 


that are used were 


measurements 
from the museum tags on 
hese latter measurements are subject to 
made by 


students 


some error because they were 


various individuals, including 
who were not experienced in measuring 
In the opin- 


external 


and preparing study skins. 


author some of the 


ion of the 


standard 


measurements were in error, and when 
such appeared to be obviously the case, 
these measurements were not included in 
the analysis. 

Dice (1940) found that the offspring of 
laboratory crosses between leucopus and 
gossypmus were intermediate in morpho- 
between the parent 
in morpho- 


characters 

This 
ogical characters was used as the criterion 
in the to distinguish be- 


logical 
intermediacy 


present study 


suspected hybrids and the re- 
individuals in the popu- 


tween 
mainder of the 
lations. 

[In the attempt to systematically analyze 
the populations, it was found that certain 
characters were of more value in separat- 
ing the two species than were other char- 
acters. Those characters which appeared 
to be ot the most value are as 
listed in the order of their decreasing im- 


follows, 


portance: length of hind foot, length of 
skull, body length, length of diastema, 
length of auditory bullae, and length of 
maxillary tooth row. In order to show 
these characters graphically, pictorialized 


LV 
scatter diagrams (figs. 1-3) as proposed 
by Anderson (1949) were used. 

Individuals were plotted on these dia- 


‘rams according to the following system. 


The irtical ¢ erdinate . cant ] rt] 
ne vertical coordinate represents ltengtl 


f hind foot and the horizontal coordinate 


rAaT\reA Tae lanoth f ] 1] 
epresents engtn OF SKULL. 


The blackened 
ircles thus represent the position of 1n- 


> 


lividual mice according to the length of 


hind foot and length of skull. The spikes 


on the circles represent four additional 


norphological characters. ‘These spikes 
ire drawn to scale and are either two, 


four, six or eight millimeters long. The 


spike located at the twelve o’clock posi- 
tion represents body length. The absence 
of a spike at this position indicates that 
the body length was between 70 and 79 
mm. <A spike 2 mm. long represents a 
body length of between SO and 8&9 mm. 


increase in body 


length there is a corresponding 2 mm. in- 


and for every 10 mm. 
crease in spike length. The spike at the 
three o'clock position represents the length 


No spike rep- 


of the maxillary tooth row. 
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resents a tooth row length of between 2.5 
and 2.9 mm. and for every 0.5 mm. in- 
crease in tooth row length there is a cor- 
responding 2 mm. increase in spike length. 
The spike at the six o'clock position rep- 
resents the length of the diastema. No 
spike represents a diastema of 5.5 to 5.9 
mm. in length and for every 0.5 mm. in- 
crease in diastema length there is a cor- 
responding 2 mm. increase in spike length. 
The spike at the nine o’clock position rep- 
resents the greatest length of the auditory 
bulla. No spike indicates that the bullar 
length was less than 4.0 mm. and for 
every 0.5 mm. increase in bullar length 
there is a corresponding 2 mm. increase 
in spike length. In some cases the above 
measurements were missing from the tag 
or the skull was broken in such a manner 
that the measurement in question could 
not be made. In these cases there is a 
small dot opposite the position of the spike 
to indicate the omission of that particular 
character. 

Because individuals of the species gos- 
sypmus generally have larger hind feet 
and longer skulls than do members of the 
species leucopus, we would expect those 
individuals belonging to the species gos- 
sypmus to fall in the upper right of the 
scatter diagrams. It would further be 
expected that those individuals falling in 
this part of the diagram would exhibit 
the largest morphological characters as 
represented by the spikes. On the other 
hand, we would expect the smallest in- 
dividuals, or those individuals belonging 
to the species /eucopus, to fall in the lower 
left of the diagram. It would follow then 
that these individuals would exhibit the 
smallest morphological characters as rep- 
resented by the spikes. Because Dice 
(1940) found that hybrids between /eu- 
copus and gossypinus were intermediate 
in morphological characters, we would 
expect any hybrids, if present, to occur on 
the diagrams between the individuals rep- 
resenting the species leucopus and gos- 
sypinus. Specimens have been examined 
from 51 localities in Alabama, Louisiana, 
Oklahoma, and Texas. In order to have 


as large a series as possible from one area, 
the specimens were arranged according 
to the regions (table 1), from which they 
were obtained. This somewhat arbitrary 
grouping used, as far as possible, any 
natural or ecologic boundaries that might 
exist. The distribution of the individuals 
in these populations has been plotted on 
scatter diagrams. These diagrams show 
the morphologic relationships in respect 
to interspecific hybridization that existed 
in the populations of leucopus and gossy- 
pinus. 
DATA 


Three general kinds of morphologic 
relationships are found to exist in the 
populations. These morphologic rela- 
tions are: (1) no apparent hybridization 
between leucopus and gossypinus, (2) 
occasional interspecific hybridization be- 
tween the two species, (3) frequent in- 
terspecific hybridization between the two 
species. The three populations considered 
below represent these three types of mor- 
phologic relationships. 

The relationship in which the popula- 
tions showed no evidence of hybridization 
is typified by a sample of 12 leucopus and 
six gossyptnus from a population located 
15 miles east of Buna, Newton County, 
Texas and is represented in figure 1. It 
can be seen (fig. 1) that there are fairly) 
distinct morphological differences between 
the two species in this region. There is 
an overlap of some of the morphologic 
characters but this degree of overlap also 
exists in populations of leucopus and gos- 
sypinus that are geographically isolated 
from each other. (For example, see 
Bryan County, Oklahoma leucopus and 
Polk County, Texas gossypinus (table 
1).) In spite of this overlap of some of 
the characters, there are two well defined 
groups as illustrated by figure 1 and none 


of the individuals represented in this fig 
ure appear to be intermediates. All of the 
specimens are readily referable either to 
the species leucopus or to the species 
gossypinus. Apparently in this region 
there has been no interspecific hybridiza 
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individual is considered to be a natural 
hybrid between leucopus and gossypinus. 
This specimen (No. 2990, Table 2) is 
now in the University of Texas Natural 
History Collection. It would appear that 
in the populations of leucopus and gossy- 
pinus in Henderson County, there has 
been only occasional interspecific hybrid- 
ization. This is indicated by the fact that 
the over-all morphological differences be- 
tween the species populations in Hender- 
son County are, on the average, only 


slightly less than the differences between 
the species populations in Newton County 
and other populations which did not ap- 
pear to have hybridized. It would seem 
that if interspecific hybridization had been 
widespread in Henderson County, there 
would have been less of a morphologic 
difference between populations of the two 
species. This condition would have re- 
sulted from the exchange of genes be- 
tween the two species populations as a 
result of backcrossing of hybrid individ- 
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TABLE 2. The measurements of the morphological characters of natural hybrids between 
Peromyscus leucopus and P. gossypinus 

Max. Aud, 
Museum Body Tail Foot Skull Interorb. tooth 
number length length length length const. Diastema row bulla 
TNHC 
2989 98 78 21.7 25.5 4.3 6.5 3.7 5.3 
2990 98 65 21.5 26.9 4.2 7.3 3.4 4.9 
USNM 
178357 100 72 22.0 26.7 4.5 6.9 3.7 4.9 
178461 100 70 21.0 26.4 4.4 6.9 3.6 4.7 
207285 99 69 21.0 28.2 4.3 7.0 3.8 4.9 
211505 93 63 21.0 28.1 4.5 6.9 3.8 4.8 
LSUMZ 
1628 92 82 21.0 28.1 4.2 7.5 3.7 4.5 
2380 86 67 21.0 26.1 4.5 6.9 3.7 5.0 
3502 100 72 21.0 27.6 4.6 6.9 3.6 4.7 


uals with one or the other of the parent 
species. This backcrossing would have 
tended to obliterate species differences be- 
tween the populations. This is appar- 
ently not the case that exists at present 
in populations of leucopus and gossypinus 
in Henderson County. Similar relation- 
ships were exhibited by populations from 
Anderson County (no actual hybrids) and 
Nacogdoches County, Texas, central Ala- 


bama,. eastern Alabama, and western Ala- 
bama. 
The third relationship in which there 


appears to have been frequent hybridiza- 


tion is exhibited by specimens from 
several localities in southeastern Louisi- 
ana, largely from the vicinity of Baton 
Rouge, and is shown in figure 3. It is 


obvious from the distribution of the in- 
dividuals in figure 3 that there is no dis- 
tinct morphological separation of the two 
There is a con- 


species in this region. 
morphological 


siderable overlap of all 
characters with the exception of the hind 
foot length (table 1). Nuine 


clearly referable to the 


individuals 
of this series are 
species leucopus and 34 individuals are 
referable to the species gossypinus. Three 
individuals, which are indicated on figure 
the letter H, intermediate in 


3 bv are 


most of their morphologic characters and 
are not clearly referable to either species. 
I would consider these three individuals 
(Louisiana State University, Museum of 
Zoology, Numbers 2380, 1628, 3502— 
table 2) to be natural hybrids between 
leucopus and gossypinus. The one re- 
maining individual with a foot length of 
21 mm. is questionable but falls closest 
to the species gossypinus. This individ- 
ual (L. S. U. M. Z., No. 2567) is not 
considered here to be an F, hybrid be- 
tween leucopus and gossypinus, but it is 
quite possible that this specimen repre- 
sents the offspring of a backcross of an 
individual of hybrid origin to gossypinus 
stock. Apparently in this region there 
has been more interspecific hybridization 
had been in the Henderson 
other similar populations. 


than there 
County and 
[his is indicated by the fact that there 
has been an apparent fusion of the mor- 
phologic characters of the two species in 
can be seen 
not, in 


southeastern Louisiana. It 
(fig. 3, table 1) that there 1s 

these populations, the clear morphologic 
distinctness that was demonstrated by the 
Newton and Henderson County popula- 
considerable less of a 
measurements 


tions. There is 


difference in the average 
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Fic. 3. The morphological relationship of a sample of Peromyscus leucopus and P. gossypinus 
collected in the vicinity of Baton Rouge, Louisiana. The individuals indicated by the letter H 
are considered natural hybrids between the two species. (For explanation of figure, see text, 


page 321.) 


of the southeastern Louisiana species 
populations than in any of the other popu- 
lations that were studied (table 1). This 
would seem to indicate that in the south- 
eastern Louisiana populations there has 
been a higher rate of interspecific hy- 
bridization than has apparently taken 
place elsewhere. No other population 
samples were examined that showed a 
similar condition. 

Slightly more than two per cent (nine 
individuals) of the total number of speci- 
mens examined in the course of this study 


were intermediate in morphological char- 
acters between the two species. These 
nine individuals include three (U. S. N. 
M., Nos. 178357, 178461, 207285—table 
2) of the four specimens considered by 
Howell (1921) to be natural hybrids. 
The fourth individual (U. S. N. M., No. 
207279) considered by Howell to be a 
hybrid has morphologic characters that 
are within the range of gossypinus char- 
acters for this region and it is doubtful 
that this specimen could be considered 
an F, hybrid. I would consider an ad- 
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ditional specimen from Alabama (U. 5S. 
N. M., No. 211505—table 2) to be a 
natural hybrid between leucopus and gos- 
sypinus. Howell did not consider this 
specimen to represent a natural hybrid, 
but it is intermediate in the majority of 
The remain- 


its morphologic characters. 
ing individual that is considered in the 
present study to be a natural hybrid be- 
tween /eucopus and gossypinus is a speci- 
men (T. N. H. C., No. 2989—table 2) 
that was collected in Nacogdoches County, 
Texas. 
DISCUSSION 

In view of these facts it 
would appear that natural hybridization 
does occur between /Jeucopus and gos- 
sypinus as originally claimed by Howell 
(1921). It is also clear that, with one 
exception (southeastern Louisiana), the 


foregoing 


two species are maintaining their specific 
differences insofar as present evidence 
shows. It is only in the populations from 
southeastern Louisiana that there is any 
indication of frequent hybridization. In 
southeastern Louisiana this has resulted 
in an apparent blending of some of the 
morphological characters of the two spe- 
this region. The reasons for the 
maintenance of species barriers (and con 


cies in 


sequent species differences) in some lo- 
calities and breakdown of species bar 
riers in other localities (resulting in 1n- 
terspecific hybridization and partial fusion 
of some of the morphologic characters ) 
is, at present, unknown but is being 1n- 
vestigated. 
SUM MAR\ 

In an attempt to find out whether the 
sympatric species, Peromyscus leucopus 
and P. gossypinus hybridized in nature, 
415 specimens were examined from 16 
\labama, and 
Laboratory hybrids were known 


regions in [Louisiana, 
Texas. 
to be 


acters 


intermediate in morphologic char- 


between the parent species and 


this intermediacy was used as the eri- 


terion in the present study to distinguish 





suspected hybrids from the parent stocks. 
Nine of the 415 specimens are intermedi- 
ate in morphologic characters and are be- 
lieved to represent natural hybrids be- 
tween /eucopus and gossypinus. Three 
general kinds of morphologic relation- 
ships were found to exist and these rela- 
tionships, in the order of their decreas- 
y, are: (1) no apparent hy- 
(2) occasional hybridization, 
It was 


ing frequenc 
bridization, 
and (3) frequent hybridization. 
only in populations from southeastern 
Louisiana that the species barriers are 
seemingly being broken down resulting 
in a fusion of the morphologic characters 
of the two species. Elsewhere it was 
apparent that where Jeucopus and gos- 
sypinus occur together they are main- 
taining their species identities in spite 
of occasional random interspecific hy- 
bridization. 
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INTRODUCTION 


The teeth of an animal are exceedingly 
important structures: to the animal, be- 
cause of their use in acquiring and mas- 
ticating food, self defense and their in- 
fluence on the structure of the animal; 
to the student of animal history, because 
of the information they give about the 
animal and its relationships, and the rela- 
tive ease with which they are preserved. 

Since World War II there has been a 
phenomenal increase in the number of 
australopithecine fossil remains known 
and many of these are teeth. The new 
information thus gained has thrown much 
light on the relationship of these crea- 
tures to man and on hominid evolution 
in general. In this paper I wish to dis- 
cuss some evolutionary trends in the 
australopithecine dentition as a_ whole 
and some of the effects thereof. In the 
first part trends in the evolution of crown 
size will be considered, then the effect of 
the dentition on skull architecture, and, 
finally, what conclusions may be drawn 
about the ecological requirements of the 
australopithecines with particular refer- 
ence to competition and coexistence. 


NOMENCLATURE 


The taxonomy of the australopithecines 
has been dealt with elsewhere (Robinson, 
1954). It seems clear that they belong, 
as a group, in a separate subfamily from 
that including tool-making man. This 
was suggested, among others, by Heberer 
(1951) who placed the former in the sub- 
family Praehomininae and _tool-making 
man in the subfamily Euhomininae. The 
subfamily Australopithecinae had, how- 
ever, previously been erected by Gregory 
and Hellman (1939) as a subdivision of 
the Pongidae. As this subfamily con- 
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tains no true pongids it may simply be 
transferred to the Hominidae. The Iat- 
ter family then comprises the Australo- 
pithecinae and the Euhomininae—a sys- 
tem which agrees much more closely with 
accepted nomenclatural principles than 
does that of Heberer. To avoid constant 
repetition of the latinized names, “aus- 
tralopithecines” and “prehominids” are 
used interchangeably for the former group 
and ‘euhominids’ for the latter. 


Crown S1zE TRENDS IN HOMINIDS 


The euhominid material adds greatly 
to our knowledge of hominid dental evolu- 
tion. A glance at a complete set of upper 
or lower teeth of the prehominids suf- 
fices to show that the relative proportions 
of crown size along the tooth row is 
not the same as in the case of modern 
euhominids. The most striking differ- 
ence is the relatively small size of the 
anterior teeth as compared to the cheek 
teeth. This feature has been regarded 
by some workers as a specialization show- 
ing that the prehominids as a group could 
not have been the stock from which 
euhominids arose. I have previously at- 
tempted to show (Robinson, 1952) that 
a different construction may be placed on 
this matter and, with recent additions 
to the collections, the evidence is now 
clearer. 

In the following discussion crown sizes 
are compared by using the module 

Length + Breadth 
? 


This module clearly does not give an 
actual direct measure of the crown vol- 
ume, but, as the teeth which are com- 
pared in this way are homologous, belong 
to closely related animals, and hence of 
much the same shape, the results given 
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enough for the purpose. 


are accurate 
This module is a commonly used method 
of combining the length and breadth of 


a crown, which are significant measure- 


ments, to give a single figure which 
greatly facilitates comparison. Where- 


ever possible and unless otherwise stated 

the dimensions used are mean values. 
The earliest have 

larger teeth, on the average, and are more 


] 
i 
known euhominids 


prognathous than in the case among mod- 


ern euhominids. There has, therefore, 


been a reduction in the degree of projec- 


tion of the face and in the size of the 


dentition in the course of euhominid 


evolution. \ll of the teeth have, how- 
ever, not been reduced proportionately. 
This is indicated by the fact that the 


size of the lower molar crowns 
in modern euhomini 
M, > M, while in the Sangiran mandible 
of Pithecanthropus the situation is just 
the opposite; M, < M, < Ms. 

The modules of the mandibular dental 


relative 
ls is usually M, 


elements of some hominids are plotted in 
fig. 1. Those for the known teeth of 
Telanthropus are also plotted and these 
values. 





we 
bo 
’ 


The graph for the maxillary dentition is 
so similar that it is not given here. 
From this diagram it is clear that dif- 
ferential reduction of the molars has oc- 
curred: M, has been affected least and 
M, most. In the prehominids the molar 
size M, < M. < M,. 


crown formula is 

In only one individual (SK 23), where 
all three molars are in situ, is there any 
that M, is approaching the 
In Yelanthropus only one 


indication 
size of M.,. 
jaw is known with all three molars in 


situ and in that the formula is M, « 
M, > M, but in the second mandible it 
is clear that M. must have been much 


Robinson, 1953b). and, if 
formula would be 
[elan- 


than the 


reduced (see 
case, the 
the same for both 
thropus is thus more advanced 


that was the 
mandibles. 


prehominids with respect to the reduc- 
tion of the crown size of the mandibular 
molars. It would be extremely inter- 
esting to know what the condition was 
in Pithecanthropus, but unfortunately 
only the single mandible from Sangiran 

with all three molars in situ. 
M, < M,< M, 


is known 
This has the formula 


( Weidenreich, 1945) and therefore agrees 
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with the condition in the prehominids. 
But the molars of the only upper jaw 
known are in the following size order: 
M! < M? > M?® with M® considerably re- 
duced. This agrees well with the situa- 
tion in the Telanthropus lower dentition. 
Although the maxilla normally leads the 
mandible in the reduction process, it is 
reasonable to assume that M, must also 
have been reduced to some extent in some 
members of a population including such 
individuals as the above in which M® is so 
much reduced as to be smaller than M?. 

Sinanthropus (Weidenreich, 1937) has 
M, appreciably reduced, on the average, 
compared to M,. As in the maxillary 
dentition of the Pithecanthropus palate 
from Sangiran, M, is actually smaller 
than M, asarule. Here also, for upper 
and lower dentitions the size sequence 
is M,<M,>M,. This sequence also 
occurs in Neanderthal man. The next 
stage in the reduction of the molars !s 
that in which M2 is reduced to the same 
size as M1 or even further. The size 
sequence then is either Ml = M2> M3 
or M1 > M2> M3. In the Australian 
Aboriginal (Campbell, 1925) the lower 
molars are in the former size order, while 
the maxillary molars are in the latter se- 
quence. In modern American Whites 
(Black, 1902) both upper and lower 
molars are arranged in the sequence 
Mi > M2>M3. The South African 
Bantu (Shaw, 1931) are a little unusual 
in that the average sizes of the three 
molars are almost exactly the same. In 
Neanderthal man there are no average 
figures based on a fair sized population 
but the size order of the molars seems 
to vary from MI < M2> M3 to M1 > 
M2 > M3. 

The evolution of molar size can there- 
fore be traced quite clearly from the pre- 
hominid stage to that of modern euhomi- 
nids. Much of this evolution has gone on 
independently in a number of different 
lines. Hence the fact that the size se- 
quence is not identical in all the living 
ethnic groups. 

The differential reduction of the third 


and second molars was probably caused 
initially by space shortage. The first 
permanent tooth to come into functional 
position is usually the first molar. The 
remaining permanent teeth must, there- 
fore, fit into the remaining space on either 
side of it. M3 is normally the last tooth 
to erupt and it is, therefore, conceivable 
that space shortage would affect it more 
than the other teeth. This would par- 
ticularly be the case in the reduction of 
the jaws from the massive prehominid 
type to the smaller euhominid type. It 
has been pointed out from time to time 
that failure to erupt—or impaction—of 
M3 is not always a result of space short- 
age in modern man. This does not in- 
validate the suggestion that lack of space 
was the operative factor in the early 
stages of face reduction. The continued 
reduction of the third molar may be an 
example of the phenomenon recently 
demonstrated by Waddington (1953a and 
b), the genetic assimilation of an origi- 
ally environmental effect, the character 
‘crossveinless’ in Drosophila melano- 
gaster. \Vhat was originally a reduction 
brought about by space shortage may 
now be genetically assimilated and influ- 
enced by selection, which is related not 
only to space shortage in the jaw but also 
to other factors. 

The evolution of crown size in the 
teeth anterior to the molars is not nearly 
so clear cut but nevertheless is of con- 
siderable interest. 

Reference to figure 1 will show that 
with the exception of Paranthropus the 
curves are very similar anterior to M,, 
if one allows for the relatively small 
amount of reduction of M,. The in- 
cisors of all the forms dealt with are very 
similar in size. This suggests that re- 
duction of the canines and premolars has 
been of comparable extent without pro- 
ducing marked differential changes such 
as those posterior to M,. There is com- 
paratively great variability in the size of 
the upper lateral incisor and this tooth 
also shows considerable individual varia- 
bility in modern euhominids, in some 
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cases being congenitally absent. It has because some factor retarded the reduc- 
been assumed that this is a result of rapid tion further back. This conclusion is 
reduction of this tooth, but the fact that upported by the fact that the small- 
the Sterkfontein form has lateral upper crowned canines are generally very ro- 
incisors as small as the average for ust-rooted, suggesting that the reduc- 
\merican Whites indicates that this tooth tion of the canines was not yet complete. 
has probably been small for a very long lustralopithecus has robust canines, 


] [) 


time in hominid history. Perhaps it crown and root; Paranthropus has ro- 


never has been a large tooth. bust-rooted, small-crowned canines; Te- 
The curve for Paranthropus does not inthropus probably had canine crowns 
follow the others nearly so well, and in { the same size as those of Paranthropus, 


both the upper and lower dentitions the ut the root sockets are small. 
curves for the latter cross that of Aus In view of these facts it seems likely 
tralopithecus between the positions for that reduction occurred in two phases: 
the canine and first premolar. The rea ne process starting at the rear end of 
. . “17 1 ° : ‘ 41 2 , . a lie, “ _ ’ 
son for this reversal will be inquired int e tooth row and gradually passing for- 


In a later section Of this paper. ward, and the other Starting trom the 
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hominids were put to heavy use, espe- 
cially the molars of Paranthropus. The 
latter are massive, with very thick enamel 
(as much as 3 mm. on the occlusal sur- 
face), and yet, by the time M3 erupts, 
M1 has already been worn quite flat, with 
the dentine exposed in places. In older 
individuals, where the occlusal surface of 
M3 is moderately flattened, M1 usually 
no longer has enamel on the occlusal sur- 
face. When M3 is strongly worn, the 
crown of M1 is almost entirely gone. 
The occlusal surface enamel of a tooth 
in full use has numerous well marked 
scratches, which run at right angles to 
the length of the tooth row, ie. in a 
bucco-lingual direction. Both upper and 
lower jaws are massive, particularly at 
the level of the molars. Australopithecus 
also has these characters, but to a less 
marked degree except for the relative 
rate of wear of the teeth, which is much 
the same in both groups. A feature com- 
mon in the Swartkrans dental material 
is chipping of enamel from the edge of 
the occlusal surface. That this chipping 
occurred in life is clearly shown by the 
fact that most of the roughened areas 
left after such flaking are smoothed by 
subsequent use of the tooth. Chipping 
is not confined to the anterior teeth. 

All these features suggest heavy use 
of the teeth of the prehominids in gen- 
eral, and particularly in Paranthropus. 
The relatively great disparity in size be- 
tween the front and the cheek teeth, the 
rapid flattening of the premolars and 
molars and the considerably thickened 
bone around the molar roots indicate that 
crushing and grinding was the main func- 
tion involved. The most suitable sort of 
diet for such a primate dentition would 
probably consist predominantly of vege- 
table materials, including shoots and 
leaves, berries, tough wild fruits, roots 
and bulbs. The latter ingredients may 
have resulted in grit particles being 
chewed, causing chipping of the enamel. 
The South African Chacma baboon eats 
roots and bulbs among other things and 
enamel chipping of just the same sort as 
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that found in Paranthropus occurs on the 
teeth of this form. The relatively small 
anterior teeth—particularly canines 
would be consistent with such a diet and 
would also that Paranthropus 
was not an aggressive, predaceous crea- 
ture, and had means of defense ( and of- 
fense if required) other than dental ones. 
These were probably in the form of any 
sticks, bones or stones conveniently to 
hand, coupled with a certain amount of 
intelligence and cunning. 

Australopithecus, with less disparity in 
size between anterior and posterior ele- 
ments of the dentition, with appreciably 
larger canines and smaller premolars and 
molars than Paranthropus, probably had 
a more nearly omnivorous diet, which may 
have included a fair proportion of flesh as 
indicated by evidence brought forward 
by Dart (1949). 

These differences in diet may well ac- 
count for the differences in the pattern of 
dental reduction processes in the two pre- 
hominid lines. The heavy use to which 
the molars, especially, were put in Paran- 
thropus may have resulted in their reduc- 
tion being retarded as compared to the 
less important anterior teeth. 

As Benninghoff (1925) and 
have shown, the face skeleton is highly 
organized with regard to the forces of 
mastication. It is interesting to compare 
the skulls of Paranthropus and Australo- 
pithecus in the light of this work. 

Both are stressed forms with the re- 
sult that the nasal region has much the 
same shape and structure; the nasal re- 
gion does not protrude and the margin 
of the pyriform aperture is thick. If 
Washburn’s (1953) reading of the evi- 
dence is correct, as seems probable, then 
one may note in passing that the flat- 
tened and rather pongid nasal region of 
the prehominids is in no way a bar to 
their being euhominid ancestors—as has 
been suggested. The flattened shape, in 
this view, results from this region being 
stressed. With relaxation of the forces 
affecting this region, as a result of re- 
duced dental 
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nasal region would be more protuberant 
and without the strong buttressing on 
either side of the pyriform aperture. As 
one might expect from the larger-canined 
form, Australopithecus usually has rela- 
tively more pronounced buttresses on 
either side of the pyriform aperture, but 
this is not an absolute distinction. 

Farther back along the tooth row, the 
results of the much greater masticatory 
stresses in Paranthropus become more 
obvious. The alveolar region, which con- 
tains the molars, is much thickened and 
buttress is 


the malar-zygomatic ver) 
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maxilla and the zygomatic bone are much 
thickened, compared to the condition in 
Australopithecus. The top end of this 
buttress, the supraorbital torus, is also 
relatively robust in Paranthropus. 

The wide and very flat bony face of 
Paranthropus is largely a result of the 
decreased size of the anterior teeth and 
the naso-frontal buttress, and the greatly 
increased robustness of the malar-zygo- 
matic buttress. However, the matter does 
not stop there. The robust mandible of 
Paranthropus and the strength required 
lor the great masticatory activity have 


resulted in a well developed temporal 


~~ 
‘ 


of the face of Adustralopithecus from Sterk- 
The latter 


had to be restored in places, but this was done from other specimens from the same site. The 


dentition of Sts 5 is missing, 
complete and only very slightly 
stored from SK_ 55. 
is determined by the latter plane. The 
than the other. 


worn. The 


> 


but it has been restored here from Sts 52 which has the dentition 
incisors of SK 48 are 
Both halves are oriented on the Frankfort plane and the vertical register 
Australopithecus face is distinctly 


missing and are here re- 


more prognathous 


As far as can be determined both skulls belonged to female individuals 
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muscle. One may note here that, al- 
though the masseter muscle was well de- 
veloped, it may have been relatively 
poorly developed compared to the other 
muscles of this region in Paranthropus. 
The angle of the mandible is turned in- 
ward to a small extent and has strong 
rugosities on the medial face for the at- 
tachment of the medial pterygoid, whereas 
the markings on the outer face of this 
region, for the attachment of the masseter, 
are poorly developed. The temporal 
muscle may therefore have been rela- 
tively more important in this form than 
in euhominids, but the evidence is not 
sufficient for this to be more than a 
tentative conclusion. 

The temporal muscle is so well de- 
veloped in Paranthropus that it fre- 
quently reaches the sagittal plane. Per- 
haps this is the usual adult condition, for 
it is present in the only three adult speci- 
mens known in which the relevant region 
is preserved. Under such conditions, a 
bony sagittal crest develops. Washburn 
(1947) has shown that the presence, size, 
and position of nuchal and mastoid crests 
in the rat are determined entirely by 
mechanical stress due to muscle function. 
This work confirms and extends conclu- 
sions drawn by earlier workers using 
other mammalian material. The pres- 
ence of a bony sagittal crest in Paran- 
thropus does not, therefore, suggest that 
there is some close genetic relationship 
between this form and the pongids, among 
which crests are common. It merely in- 
dicates that the same combination of ro- 
bust teeth and temporal muscles with a 
relatively small braincase is to be found 
in both groups. The sagittal crest is not 
something intrinsically determined as 
such. 

In Australopithecus with its less power- 
ful masticatory apparatus, the temporal 
lines are, on the available evidence, usu- 
ally well separated. Of five specimens 
showing this region only one fragment 
of skull from Makapan, consisting of the 
occipital region, clearly had the temporal 
lines meeting in the region of the vertex. 
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The condition in the occipital region 
of the skull is interesting in cases where 
a sagittal crest is present. The temporal 
muscles do not meet the nuchal muscula- 
ture nor do the temporal muscles meet 
each other in the midline posteriorly. 
This is very clearly demonstrated in the 
Makapan occipital fragment and _ less 
clearly in SK. 48, from Swartkrans. 
There is no continuous nuchal crest nor 
does the sagittal crest pass right back to 
the occiput. It stops short of the posi- 
tion which would have been occupied 
by a nuchal crest had there been one. 
This is not in agreement with the views 
of Zuckerman (1952), who feels that, be- 
cause in primates and mammalia in gen- 
eral nuchal crests are almost invariably 
associated with sagittal crests, this should 
also be the case in the prehominids. He 
says, “But unless Paranthropus provides 
a single exception to what seems to be a 
general feature of the architectural dy- 
namics of the Primate skull, our observa- 
tions about the coexistence of sagittal and 
nuchal crests in Primates seem to indi- 
cate clearly that Paranthropus crassidens 
had a strong nuchal musculature of the 
kind seen in extant great apes, and that 
it would have had nuchal crests.” 

As we have seen, these crests and their 
position are resultants of mechanical fac- 
tors which are themselves part of a pat- 
tern involving the whole head, at least. 
In the prehominids, the brain case is rela- 
tively long compared to that of pongids, 
such as the gorilla, and the occiput is 
much more nearly horizontal in position. 
The large temporal muscles can meet in 
the midline in the region of the vertex, 
for the skull is relatively low and nar- 
row anteriorly, but they do not reach the 
occiput, which is wide and does not ex- 
tend so far up the skull. The more 
nearly horizontal occiput is associated 
with the bipedal posture of the prehomi- 
nids, of which there is now considerable 
evidence. The predominantly vegetable 
diet of a large animal has resulted in 
heavy temporal musculature. As _ the 
braincase is relatively small anteriorly, 
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Fic. 3. Semi-diagrammatic drawing (modified after Dart) of the first occipital fragment 


of Australopithecus from Makapan. 
nuchal musculature. 
posteriorly, nor is there a nuchal crest. 


these combined result in an incomplete 
sagittal crest but no As 
this particular combination of features 1s 


nuchal crest. 
not found in other primates, or mammals 
in general, it is not surprising that pre- 
hominids should provide an exception to 
the general rule about the association of 
Modern eu- 
Not 
only has the braincase expanded consid- 
erably but also the dentition has been re- 
duced in size along with the forces of 
mastication. the condi- 
tions for producing either crest do not 
This, however, is no reason what- 


nuchal and sagittal crests. 
hominids do not have either crest. 


Consequently, 


arise. 
ever for supposing that those conditions 
did not arise at some earlier stage of eu- 


hominid evolution. 

Much of the difference in general skull 
form between the Paranthropus and the 
Australopithecus lines is, therefore, due to 


The hatched areas are those c 
A sagittal crest must have been present near the vertex but is not present 


vered by the temporal and 


the differences in nature and amount of 
use to which the dental battery is put. 
These in turn affect the evolution of the 
teeth by modifying the general pattern 
common to the euhominids as a whole. 
The the the 
post-canine teeth in Paranthropus as com- 


retardation of reduction of 
pared to Australopithecus is probably a 
result of the relatively greater amount of 
work required of these teeth in the former 


case. If an australopithecine was ances- 
tral to the euhominids, as is clearly sug- 


gested by the nature of Telanthropus, 
then a continuation of the dental reduc- 
tion observed would have resulted in a 
euhominid type of dentition, with conse- 
quent effect upon the architecture of the 
face in particular and of the skull in gen- 
eral. The expanding brain would have 
helped further to transform the skull into 


one of euhominid type. 
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EcoLoGICAL REQUIREMENTS AND 
COEXISTENCE 


In a recent brief review of a paper of 
mine, Mayr (1953), in “Comments on 
evolutionary literature,” remarks that my 
suggestion that euhominids arose from 
prehominids, but that some groups of the 
latter survived for some time subsequent 
to the origin of the former, raises a seri- 
ous problem of competition, which I did 
not discuss. I shall attempt to rectify 
this omission here as it has some bear- 
ing on points raised in the preceding sec- 
tion. 

This problem really has two parts; co- 
existence and competition between (a) 
prehominids belonging to different phy- 
letic lines, and (b) prehominids and early 
euhominids. 

As far as our present evidence goes 
there is no indication that Paranthropus 
and Australopithecus simultaneously oc- 
cupied the same territory. The time 
relationship of Taungs and Makapan 
relative to the other sites is not known 
with any degree of certainty at present, 
though work is in progress which will 
probably throw light on this matter. The 
relationship of Sterkfontein (Australo- 
pithecus). and Swartkrans (Paranthro- 
fus) is more certain, the former being 
a little older than the latter. The Krom- 
draai faunal site is later again than 
Swartkrans, and probably the time gap is 
greater between the latter two than be- 
tween Sterkfontein and Swartkrans. 
However, the Kromdraai prehominid re- 
mains came from a different breccia mass 
than did the faunal remains and at pres- 
ent we do not know the age relation of 
these two deposits which are separated 
by only 100 feet. Fortunately the two 
sites of which the relative ages are known 
are the two which have yielded almost 
all of the known prehominid specimens. 
These two sites are separated geographi- 
cally by just over three quarters of a 
mile. There is no barrier between the 
two sites and the type of country is the 
same at both. It is therefore reasonable 


to suppose that had Australoptthecus 
still occupied the Sterkfontein region by 
Swartkrans times, remains of the latter 
would have been found in the Swartkrans 
site. The reverse argument also holds 
and so one can be reasonably confident 
that Paranthropus was not living in 
the Sterkfontein region at the time the 
Sterkfontein type site deposit was ac- 
cumulating. On available evidence there 
is consequently no problem regarding 
competition between these two forms. It 
is possible that Paranthropus displaced 
Australopithecus from this region. This 
does not seem very likely, if the conclu- 
sions regarding diet are correct, because 
there would be comparatively little con- 
flict over food and there is no reason to 
suppose that numbers were so high as to 
cause conflict over space. 

At Swartkrans, however, there is clear 
evidence of two different hominids syn- 
chronously present in the Sterkfontein 
area, Paranthropus and Telanthropus. 
I have elsewhere (1953) shown that it 
is highly probable that Telanthropus had 
actually or very nearly achieved euhomi- 
nid status, and probably ought not to be 
regarded as a prehominid. There is no 
indication from the teeth and jaws that 
the diet of Telanthropus was any differ- 
ent from that of other early euhominids, 
and the relatively enormous molars of 
Paranthropus are certainly not present. 
There is circumstantial evidence that it 
was larger-brained than Paranthropus. 
Under these circumstances there is no 
reason to suppose that the ecological re- 
quirements of these two forms would so 
nearly coincide that mutual occupation of 
similar or overlapping territory could not 
continue for more than a very short time. 

Less than a dozen miles from the Sterk- 
fontein site, in a relatively remote area, 
spotted and brown hyenas today occupy 
the same territory. It is well known that 
they do so elsewhere, and that they are 
both scavengers, although the brown hy- 
ena is predaceous to a small extent 
whereas the other is normally not. But 
in this particular area, which is of small 
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extent and entirely surrounded by set- 
tled farms and therefore relatively civi- 
lized, the competition for available food 
is higher than it would be under normal 
conditions. 

Similarly the toads Bufo regularts and 
B. carens may be caught in the same gully 
or under the same street lamp over a 
considerable area of South Africa. Their 
ecological requirements are very similar 
but they are nevertheless sympatric at 
present. Numerous other examples of 
the same sort may be given where the 
difference in ecological requirements ap- 
pears to be of a smaller order than that 
between Telanthropus and Paranthropus. 
It may well be that in the course of time 
one or other of such pairs of sympatric 
species would be displaced, but in the case 
of hyenas the present situation seems to 
have started very early in the Pleistocene 
in this area. The rise of euhominids may 
quite easily have been the cause of the 
extinction of the prehominids, but the 
competition could not have been so sharp 
that the latter were exterminated almost 
immediately. 

Sangiran provides an instance of an 
analogous situation to that of Swartkrans. 
There a species of Paranthropus, 
similar, on the scanty evidence available, 


very 


to the one at Swartkrans, coexisted with 
a species of Pithecanthropus. In fact, 
according to von Koenigswald (1950; 
Weidenreich, 1945), two 


Pithecanthropus occur in the Sangiran 


species ot 


deposit, although the evidence for this is 
not convincing. These two almost iden- 
tical instances, one in Java and the other 
in South Africa, seem clear enough in- 
dication that at least the Paranthropus 
type of prehominid could coexist with 
early euhominids. On available evidence 
the Sangiran forms were a little later in 
time than those at Swartkrans. 

It seems legitimate, to me, to conclude 
that competition was not a factor of great 
importance. Competition there doubtless 
was, but not of the sort or intensity that 
has been so obvious a feature of the his- 
tory of racial groups of euhominids, where 


333 


competition has so frequently been for 
the same things, since the competing 
groups are members of the same species. 


SUM MARY 


Indications are present in the dentition 
of prehominids that the dentition as a 
whole was being reduced. The reduction 
processes fit in well with what is known 
of reduction in euhominid dentitions, and 
the latter reduction appears simply to be 
a continuation of that started in the pre 
hominid group. The reduction process 
proceeds in different directions on either 
side of the first permanent molar, being 
from back to front in the molar row and 
front to back in the teeth anterior to M1. 
This has resulted in reduction of the size 
of all the elements of the dentition, but 
all have not been reduced to the same de- 
gree, 

The forces of mastication influence the 
architecture of the skull as a whole, but 
more especially that of the face. The diet 
of Paranthropus appears to have been 
primarily vegetarian, while that of Aus- 
tralopithecus seems to have been ommiv- 
orous and to have included a fair pro- 
flesh. 
ences in strength and nature of the mas- 


portion of The resulting differ- 
ticatory forces has affected the shape and 
structure of the face and braincase. 

‘here is no evidence that prehominids 
and euhominids could not synchronously 
occupy the same territory. On the con- 
trary, the situation at Swartkrans (South 


\frica) and Sangiran (Java) indicates 


clearly that this did occur. 
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INTRODUCTION 


Genetic diversification is an evolu- 
tionary mechanism which enables Men- 
delian populations to master a wide vari- 
ety of environments in the territories 
which they inhabit. 
Drosophila, some of the genetic diversi- 


[n many species of 


fication takes the form of chromosomal 
polymorphism. Thus, in Drosophila 
pseudoobscura several (up to seven) dif- 
ferent gene arrangements occur in the 
third chromosomes in many natural pop- 
ulations. The chromosomal polymor- 
phism can be studied not only in natural 
but also in artificial laboratory popula- 
tions (Wright and Dobzhansky, 1946; 
Dobzhansky, 1949). Such studies have 
shown that the fitness of the structural 
heterozygotes which carry two third 
chromosomes with different gene arrange- 
ments derived from the same population 
is, not invariably but usually, superior to 
that of the corresponding structural 
homozygotes. The polymorphism _ is, 
therefore, balanced, and the gene ar- 
rangements are maintained in the popu- 
lations with frequencies which are deter- 
mined, for a given environment, by the 
relative adaptive values of the different 
karyotypes (Dobzhansky, 1948, 1949; 
Dobzhansky and Levene, 1948). 

The great interest of the chromosomal 
polymorphism in Drosophila is that it 
makes the processes of natural selection 
and evolutionary adaptation amenable 
to experimental study. The work in this 
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held has disclosed that the fitness of the 
different karyotypes is extremely sensi- 
tive to environmental conditions. Fur- 
thermore, the karyotypes which occur in 
a given natural population are mutually 
adjusted by natural selection to confer a 
high average fitness on the Mendelian 
population as a whole (Dobzhansky and 
Levene, 1951; Dobzhansky and Pavlov- 
sky, 1953). 

[t remains, however, largely unknown 
whether the adaptive value of a karyo- 
type may depend upon the genetic com- 
position of the population itself. In 
other words, it has not been determined 
whether the fitness of a karyotype is 
independent of what other karyotypes 
are present in the same population, or 
whether the karyotypes present in an 
environment interact inany way. With 
few exceptions (Wright and Dobzhan- 
sky, 1946), the experimental laboratory 
populations of Drosophila pseudoobscura 
have been made to include only two gene 
arrangements at a time. The reasons 
for this are technical. With two gene 
arrangements the population contains 
three karyotypes: two inversion homo- 
With three 


gene arrangements the number of karyo- 


zygotes and a heterozygote. 


types rises to six: three homozygotes and 
three heterozygotes. Increasing diver- 
sity of karyotypes makes the diagnosis 
under the microscope of the chromoso- 
mal configurations difficult, and the 
estimation of the adaptive values from 
the data laborious. Yet, many natural 
populations contain, as stated above, 
several gene arrangements, and the ex- 
periments on the artificial populations 
containing two gene arrangements at a 
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time have yielded some inconsistent 
results. The most obvious inconsist- 
ency arose in experiments involving 
chromosomes derived from the popula- 
tion of Pifon Flats, on Mount San 
Jacinto, in California (Dobzhansky, 
1948). The experiments on population 
cages containing chromosomes’ with 
Standard (ST) and with Arrowhead 
(AR) gene arrangements gave results 
from which the following adaptive values 
of the three karyotypes were estimated: 


ST/ST ST/AR AR/AR 
0.8 1.0 0.5 


The experiments with Standard and 
Chiricahua (CH) chromosomes gave the 
adaptive values as follows: 

ST/ST ST/CH 
0.8 1.0 


CH/CH 
0.4 


This would lead one to expect that the 
AR/AR homozygotes should have an 
only slightly higher fitness than the 
CH/CH homozygotes. Population 
cages in which the AR chromosomes were 
competing against CH gave, however, 
the following adaptive values: 


AR/AR AR/CH CH/CH 
0.86 1.0 0.48 


Although all these estimates are sub- 
ject to considerable experimental errors, 
the observed inconsistency appears large 
enough to warrant a suspicion that the 
adaptive value of a karyotype may be 
modified by the presence of individuals 
with other karyotypes (or genotypes) 
in the same environment. Experimen- 
tal populations in which the three gene 
arrangements (ST, AR, and CH) were 
present were accordingly set up and 
studied. 


MATERIAL AND METHODS 


The strains of flies which were used in 
older experiments (Dobzhansky 1949 


and earlier) unfortunately no longer 
We have employed strains iso- 
recently by 


exist. 


lated more Dr. Donald 
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Mitchell from flies collected at Pifion 
Flats and kindly placed by him at our 
disposal (these strains were also used by 
Dobzhansky and Pavlovsky, 1953). 
Twelve strains homozygous for each 
gene arrangement were introduced in 
each experimental population. The pa- 
rental flies with which the experimental 
populations were started were, however, 
F, hybrids between the strains with dif- 
ferent gene arrangements. These hy- 
brids (ST/CH and AR/CH) were raised 
in ordinary culture bottles, counted, and 
placed into the population cages in de- 
sired proportions. ‘Two replicate experi- 
mental populations (referred to below as 
A and B) were run simultaneously. The 
precaution of using hybrid flies as par- 
ents of the experimental population is 
important, because the structurally 
homozygous strains vary widely in vi- 
ability. Replicate populations are de- 
sirable not only in order to reduce some- 
what the experimental errors, but also 
because in populations in which the 
chromosomes are derived from progeni- 
tors collected in different localities the 
results of the selection processes may 
vary widely from experiment to experi- 
ment (Dobzhansky and Levene, 1951; 
Dobzhansky and Pavlovsky, 1953). 
The experimental populations were 
kept in an incubator at 25°C, and fed on 
a culture medium with baker’s yeast. 
The techniques of sampling and of ex- 
amination of the were 
described previously (Dobzhansky and 
Pavlovsky, 1953 and earlier) and need 
Suffice it to say 


chromosomes 


not be repeated here. 
that every sample consisted of 150 larvae 
(300 chromosomes), taken in six sub- 
samples, on as many successive days, 
with 50 chromosomes per subsample. 
The third day of sampling was considered 
the date of the whole sample. 


THE DATA 


The frequencies of the ST, AR, and 
CH chromosomes found in each of the 
nine samples taken in the two replicate 
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populations are shown in table 1. The 
samples were taken at approximately 
35-day intervals, except that no sample 
between the 245th and the 

The average length of a 


was taken 
315th day. 
generation in the population cages at 
25°C may be taken The 
experiment was carried for exactly a 
vear, from November 15, 1952, to No- 
vember 15, 1953, or for about 14.6 gen- 


as 25 days. 


erations. In both replicate populations 
the frequencies of the gene arrangements 
changed then more 
slowly, and apparently not at all after 
approximately the 10th generation. As 
shown below, this may, however, mean 
only that the changes at that time were 
so slow that they were masked by the 


rapidly at first, 


sampling errors. The two populations 
remained similar to each other through- 
out the experiment; a combined chi- 
square for all the observations reported 
in table 1 1s 25.50, which for 18 degrees 
of freedom corresponds to a probability 


of slightly more than 0.10. 


ESTIMATION OF THE ADAPTIVE VALUES 


The following notation will be used: 
ST is denoted as 1, AR as 2, and CH as 


3. The chromosome frequencies at any 
given time t will be pr, po:, and pst 
respectively. Let 

A* it, = Pit, — pit 


be the observed change in frequency of 
ST from time t, to time te. The ad- 
justed rate of change per generation will 


te = 

a, = (45 

where g is the length of a generation. 
We define Ax, and A; similarly. We 
will always take g 25 davs and give t 
in days from the start of the experiment. 
Now A,; differs from A,,;, the true change 
in one generation from time t, for two 


then be 


reasons, first because of sampling error, 
and second because the change in gene 


frequencies is not linear. The longer the 


ADAPTIVE VALUES 


“J 


, 
ad 
w 


per cent, of 
Chiricahua 


TABLE 1. Observed 
the Standard, A rrowhead. 


requencies, in 
and 


chromosomes in the two populations, 
A and B 
\ge Standard \rrowhead Chiricahua 
- \ B \ B \ B 
0 25.00 25.0 25.0 25.0 50.0 50.0 
2 34.3 37.0 19.3 18.7 46.3 44.3 
10 47.0 46.7 21.0 23.7 32.0 29.7 
105 58.7 61.3 22.0 19.7 19.3 19.0 
140 65.7 59.3 20.3 21.7 14.0 19.0 
125 69.7 71.7 15.00 12.0 15.3 16.3 
210 70.7 67.7 23.0 20.0 6.3 12.3 
245 80.3 79.0 16.7 13.7 3.0 7.3 
315 80.7 74.0 15.0 18.3 4.3 7.7 
365 80.0 81.7 16.7 12.7 +.3 5.7 


interval between samples the more seri- 
ous the latter error becomes. 

The adaptive values of the six karyo- 
types will be denoted by Wi:, Wee, W353, 
Wie, Wis, Wes, and will always be writ- 
ten in that order. Since the course of 
selection does not depend on the absolute 
values of the W’s, but only on their 
relative values, they are only defined up 
to a constant factor. For simplicity we 
will always take Wj. = 1. 

The first method tried for estimating 
the adaptive values was the method of 
unweighted least squares applied to the 
differences between successive samples, 
as used by Wright and Dobzhansky 
(1946). Some modifications were made 
to simplify the computations, but they 
do not affect the final results. Wright 
and Dobzhansky (1946) on page 150 
give six normal equations to be solved 
for the adaptive values W. Since there 
are only five independent W's, there are 
five independent equations, and 
may be eliminated. Wright sug- 
gests solving these equations by itera- 


only 


one 


at each stage considering the x’s 
constants. 


tion, 


and v's defined below as 
Since iteration is being used, it is not 
necessary to solve this set of five simul- 
taneous linear equations exactly, and 
the laborious process of solution can be 
replaced by the method of 
Gauss, solving each equation to give one 
of the W’s in terms of the others. The 


iterative 
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net result, setting W). = 1 and omitting the corresponding equation, 1s 


Wis=[ (Ui3.1 + Ui3.3 — Ui3.12) —_ Ui3-Wi — U43.33W33— [ 13-23W 23 | 2| 13-13, 


W23= [ (Us3.2+U23.3 — Uo3.12) — U23.22W22— Us3.; 


33W 33 — Us3.13Wis ]/2U 


23-23, 


Wi = (Ui1-1 — Unt ae) — Uin-1sWis J Uniea, 
Wee =[ (U22.2— Ue2.12) Uo2.23W es | Uss.29, 


(1) Wa; == al Io3.3— [ I33-13Wi3 — [ J 13-23W 23 | [ Is s+ 335 


where 


Uij-. = > XijtVkt, 
t 


— 
4 
~- 
can 
~ 


Ux. ij = a, XijtXkit, 
t 


Vet = Pae + Act, 
Xiit = Dit? W:, 
Xijt = Pitpje/W: fori ¥ j, 
W, _ > > 3 pitpje Wij, 
ij 
and i, j, k, | range from 1 to 3. 

The method of solution is to choose a 
starting set of W’s in some manner, cal- 
culate the U’s, and then solve the equa- 
tions successively for the W’s. For 
each equation the most recently obtained 
W’s are used. We then return to the 
first equation, and continue in this way 
until the changes in successive W’s de- 
crease. We then use the final set of 
W’s to calculate new U’s, and repeat the 
process. This is continued until a new 
set of U's causes no change in the W’s to 
the degree of accuracy required. There 
is room for judgment in deciding when to 
compute new U’s and the process may be 
helped along by judicious guesses as to 
improved W’s. The final solution will 
be the correct solution to Wright’s nor- 
mal equations, to the degree of approxi- 
mation desired. 

This method, applied to the averages 


of the two populations, gave the results 
in the first line of table 2. 
belief that weighting might improve the 
result, each set of values was weighted 
by 1/pit + 1/pet + 1/pat, giving a rough 
adjustment for the size of the random 


Then, in the 





errors expected. Although the weights 
varied by a factor of 7.3, the estimated 
W’s were changed by at most one unit 
in the second decimal place. 

Inspection of the data suggested that 
equilibrium had been reached at about 
p; = .80, pp = .15, ps = .05, but the cal- 
culated W’s would result in elimination 
of CH An attempt was 
accordingly made to force the W’s to 


(see below). 


give this equilibrium, in order to see how 
much they would be changed. This was 
done by adding 100 additional “‘genera- 
with p; = .80, ps = .15 and ps3; 

Although the additional 100 
generations should have swamped the 


tions”’ 


= .05. 


original data, there was comparatively 
little change in the W’s, and the new 
values still required the elimination of 
CH. 


reexamination of the estimation prob- 


This unpleasant result forced a 


lem. 
As stated above each sample contained 
The 


size of the population in the cage was at 


150 zygotes, or 300 chromosomes. 


least 1,500 flies, or 3,000 chromosomes. 
Results of Prout (1954) indicate that the 
effective population size can then be 
taken to be large in comparison with 
sample size, and drift becomes relatively 
when the §fre- 
05 and .01, 


there will be 150 to 30 CH chromosomes 


unimportant. Even 


quency of CH is between 


present, and selection pressure will be the 
primary factor in causing changes in 
gene frequency. 

The difference method outlined above, 
considers each pair of successive samples, 
and hence each A, independently of all 


the others. With the set of W’s in the 
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first line of table 2, and p; = .80, pz = 
.15, ps; = .05, the change in one genera- 
tion is only to p; = .813, pe = .149, ps; 

.038. Evidently the estimated W’s 
by this method are mainly influenced by 
the early part of the experiment, when 
frequen y are large and 
severel\ the of possible 
\W’s. On the other hand, a set of 100 


A’s, all equal to zero, with the above 


changes in 


restrict range 


starting is accounted for nearly as 
well by the given set of W’s as by any 


other. If, however, we imagine 100 


ps, 


sive generations with no change in 
the p's, there would certainly be a real 
equilibrium and this set of W's is im- 
lead to 
complete or nearly complete loss of CH 
| This de- 
method of estimation is a 
| futile to 


icces 


possible Si! ce it would cert unl, 


ong before 100 generations. 


this 
serious one, since it makes it 
whether cage will reach 
equilibrium, even by the ‘ious method 


ol continuing to observe the c ive for a 
long period of time. 
What is needed is a method of estima- 


ion which will, first, consider the ob- 


servations in their proper sequence and, 
second, give them their proper weights. 
[he method of minimum chi-square 

eets both these requirements lhe 


procedure is as follows. Start witha 


viven set of W's, and the given initial 


vene frequen ies, we calculate the SUC- 
cessive theoretical frequencies for (in 


this case) 15 generations. For compu- 


tational purposes, most convenient 


I 
, ° 4 
formula for calculatu ‘ncies 


the frequi 


fe 
iter one veneration, p starting 
7 
CABLI ' ” ff 
N > t 


method 


Population A a1 
Population A and B, mir 
Population A, 


d B. ditt rence 


minimum chi-square 


, ‘ ; 
( pi 


opt lations A 


Iii ¢ hi-squ ire 


105 da\ S 


tlation B, minim 
nd B, first 


minimum chi-square 


) 
x 


( Estimates based on earlier material 


imum chi-square 
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from pi, ¢, is 
Ly = (Wiip: + W 12Ve T \ isP3/P1, 
Z: = (Wisp: 
Z Wisp: 4 


+ Weeps + Wosps)po, 


Wospe + Wasps)ps, 


Successive generations are obtained by 
the formula. 
Then by numerical or graphical inter- 
calculate the theoretical 
times the various 


repeated application of 
polation we 
values of p at the 
samples were taken. Next chi-square is 
calculated for the differences between 
the observed and the calculated 
Various sets of W’s are 

] 


quencies. Va 
| which gives t 


fre- 
tried 
he small- 
[In this process 
the sizes of the various contributions to 


intil a set is foun 
- + 
est possibile chi-square. 


the signs of the 


chi-square and corre- 
sponding ditteren es vive clues as to the 


1 amount to change the W's, 
.borious 


direction an 
but the method is still ver 
d of a trial and 


important to h 


error nature. It ts 
ive a good rst guess, 
] }- sr 


1 tor this the adihterence 


purpose 
method estimate is suitable 


\lthough the 
much computation, it is a 


difference method in- 


VOLVE he | 


con- 


structive method, while it would be al- 
most hopeless to apply the minimum 
chi-square method without a reasonable 


The method of minimum 


iirst estimate. 


pplied to the averages of the 


chi-square a 


r dé x¥ Rary 
yg g 
S S LR AR ( Ss AR §$ ( LR /C! 
0.83 0 0.43 1.00 ( 7 0.60 
0.83 0.15 0.36 1.00 0.77 0.62 
O34 oon 1) 3% 1.00 ) 74 1 SO 
O83 0.14 0.36 1.00 ) SO 0.6 
() O4 () OO 0.5 LO U4 { 5 
0.33 0.04 0.16 1.00 0 0.55 
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two populations gives the estimates in 
the second line of table 2, although it is 
possible that some slight improvement 
could still be made. The corresponding 
chi-square is 46.78. The initial p’s are 
known nearly exactly, and there are no 
computed values for comparison; each 
of the 9 samples has two independent 
p’s, giving a total of 18 degrees of free- 
dom. Since 5 W’s must be estimated 
from the data, 5 degrees of freedom are 
lost, giving 13 degrees of freedom for 
testing agreement of the data with the 
theory. For 13 degrees of freedom x? 
= 46.78 is highly significant. The poor- 
ness of the fit is due mainly to the erratic 
nature of the observed values, and could 
not be much improved. On the other 
hand, the W’s given by the difference 
method give a much worse chi-squaref o 
about 100. 


2s 


Fic. 1. 
square estimates of adaptive values. 





%oCH 
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In an effort to find the effect of sam- 
pling error on the calculated W’s the min- 
imum chi-square method was applied 
separately to populations Aand B. The 
resulting W’s, shown in table 2 are in 
quite good agreement. The correspond- 
ing chi-squares, again with 13 degrees of 
freedom, are 32.7 for population A and 
28.5 for population B. These are still 
highly significant, but the fact they are 
smaller than that for the average of the 
two populations (which is based on 600 
chromosomes instead of 300) reinforces 
the impression that in addition to sam- 
pling error there are erratic fluctuations 
in the gene frequencies in the populations. 
These are much larger than could be 
accounted for by genetic random drift, 
but might be due to random fluctuations 
in selection pressure. Unpublished data 
of Louis Levine strongly suggests that 


100 


%ST 


25 
~ 
\ 


50 75 \ 


Observed changes in gene frequencies and predicted changes on basis of minimum chi- 
lriangles population A, circles population B. 


Broken lines 


with white symbols observed, solid lines with black symbols predicted values. 
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such fluctuations occur, due perhaps to 
changes in the environment in which the 
cages are kept. The observed and pre- 
dicted values for populations A and B 
are shown in figure 1. Except for the 
erratic fluctuations the agreement is 
quite good. 

The method of minimum chi-square is 
known to be efficient, and essentially 
equivalent to the method of maximum 
likelihood. The particular application 
here is valid if there is no genetic drift 
and the W’s are constant. We have 
given reasons for considering drift of 
negligible importance in these experi- 
ments. In this connection it should be 
noted that the amount of drift probably 
present could accumulate and become 
important over 14 generations if we were 
dealing with adaptively neutral chromo- 
somes, but selection pressures of the 
magnitude found here act as a restoring 
force and would keep the effect of drift 
negligible. Accordingly, the method of 
minimum chi-square gives us that set of 
constant W’s that best fits the observa- 
tions. 

If the W’s do in fact vary erratically, 
very little can be done, since they can- 
not be estimated from one or two sam- 
ples. In fact each pair t;, te gives two 
independent A’s. Since there are five 
W’s to estimate, a minimum of three 
such pairs, or a minimum of four suc- 
cessive values of t are needed to estimate 
all the W’s. If, the W’s vary 
systematically as functions of the gene 
frequencies, as suggested above, this 
should be detectable by estimating them 
separately from the earlier and the later 
generations. The minimum chi-square 
estimate for the initial frequencies and 
first three samples for the average of the 
two populations is given in table 2. 
The W’s differ, as expected, from those 
based on all the data. Attempts to 
find W’s for the period from 105 days to 
the end of the experiment were unsuccess- 
ful. 


later periods were too large in compari- 


now, 


The random fluctuations for these 


son with the directed changes to allow of 
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any accuracy in estimation, and the 
results were unsatisfactory. 

Further experiments are now under 
way to show the effect of gene frequencies 


on the adaptive values. 


CONDITION FOR EQUILIBRIUM OF THRE! 
GENE ALLELES OR GENE 
ARRANGEMENTS 


The theory of selection with more than 
two alleles has been considered by Sewall 
Wright in several papers, particularly in 
Wright (1949). Here we will consider 
certain aspects of the theory for three 
alleles in more detail. The adaptive 
values of the karyotypes will be sup- 
posed to be constant, and the population 
to be infinite. The state of a population 
at any time may be symbolized by a 
point on a triangular diagram, such as in 
figure 1. On this diagram there will be 
stable points which are points of neutral 
equilibrium, where no selective forces act. 
These include the three vertices, and also, 
if certain of the W’s are equal, one side, 
or two sides, or the entire diagram. In 
general, neutral equilibrium is of little 
interest. There may also be points of 
stable equilibrium. A _ point will be 
called a point of absolute stable single, 
double or triple equilibrium if it is at a 
vertex, or a side, or in the interior of the 
triangle respectively, and if populations 
located at neighboring interior points 
tend to it as a limit at infinite time. A 
point will be called a point of conditional 
stable single or double equilibrium if the 
population tends toward it from neigh- 
boring points on one of the sides, but 
moves away from it from neighboring 
interior points. <A point will be called a 
point of unstable triple or double equi- 
librium if it isa stable point, but the pop- 
ulation moves away from it from every 
neighboring point. Examples of neu- 
tral equilibrium are obvious. Examples 
of the other types will be given below. 

The location of a point of triple equi- 
librium is found by setting A; = A, = 
A; = 0 and solving for the p’s. The 
solution can be given in various forms, 
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such as equations (42) and (43) in 
Wright and Dobzhansky (1946). A 


convenient form is 
a= Wi — Wu, b= Wie — Woz, 
c= Wie — Wes, d = Wis — Wa, 
e = Wi; — W333, f = Wis — Was, 
g, = be — cf, 
ge = ae — df, 
g3; = bd — ac, 
1 = gi/(g1 + g2 + 3), 
2 = g2/(g1 + g2 + gs), 
Ds = g3/(gi + go + gs). 


— 
~ 


(3) 


TH 


The location of a point of double equi- 
librium is given by 


Bi = (Wij; — Wji)/ 

(2W;; — Wii — Wj), 
p; = (Wi; = Wii)/ 

(2Wi; — Wii — W3)j), 


where only the ith and jth alleles are 
present. 

For the case of two alleles a necessary 
and sufficient condition for stable equi- 
librium is W;; greater than both Wj; and 
W;;, and the necessary and sufficient 
condition for unstable equilibrium is 
Wi; less than both W;; and W;;. For 
the case of three alleles a necessary and 
sufficient condition for triple equilibrium 
is, by definition, p; > 0, pe > 0, p; > 0. 
An unsuccessful attempt was made to 
find another condition with a more in- 
tuitive meaning in terms of the W’s. At 
first it seemed that there would be stable 
equilibrium under condition 1, namely if 
each heterozygote was better than all the 
homozygotes. The following simple re- 
sult shows that this is insufficient. If 
Wir = Wee = W3; = 0, equation (3) re- 
duces to 


«ae Wes (Wie + Wis ans Wes), 
(3’) cs = Wis(Wie + Woes — Wis), 
ns = Wi2(Wis + Wes — Wi). 


Obviously the necessary and sufficient 
condition for triple equilibrium is condi- 
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tion 2: that each of the three W’s for 
heterozygotes be less than the sum of the 
other two, and the equilibrium will then 
be stable. Unfortunately, when the 
homozygotes are not lethal this added 
condition is neither necessary nor suffi- 
cient, as the examples below show. 

The effect of a given set of W’s may 
be studied by calculating the p’s of 
equation 3. If they are all positive, 
there is a triple equilibrium, and inspec- 
tion will show whether it is stable or un- 
stable. In case of doubt equation (2) 
may be applied to points near the equi- 
librium point. If there is an unstable 
triple equilibrium, there will be two or 
three stable points of equilibrium on the 
boundary, and the one reached will de- 
pend on the starting point. If one or 
two of the p’s are negative (all three 
cannot be negative) some study is again 
needed to see which allele is eliminated 
most rapidly. Then equation (4) is ap- 
plied to the remaining two alleles to see if 
there is a double equilibrium (which 
would necessarily be unconditional). 
If not, one allele eliminates the other two. 

We now examine the estimates of the 
W’s obtained from this experiment, and 
also some illustrative hypothetical sets 
of W’s, for the nature of the equilibrium. 
The equilibrium values are given in 
table 3. All of the estimates for popula- 
tions A and B in table 2 are in general 
agreement. Condition 1 does not hold, 
but condition 2 does. There is no 
triple equilibrium, p; being negative. 
CH is eliminated and there is a stable 
double equilibrium with more ST than 
AR. There is a _ conditional stable 
double equilibrium with more CH than 
AR, and no stable double equilibrium 
with ST and CH. (Set 5 does give an 
unstable triple equilibrium, but it is so 
close to 100% CH as to be unimportant. ) 

Sewall Wright’s estimates (Wright and 
Dobzhansky, 1946) for a different set of 
populations satisfy conditions 1 and 2. 
There is a stable triple equilibrium and 
three stable conditional double equi- 
libria. Set 7 in table 3 represents one of 
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The frequencies of the different chromos. 
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ymes at equilibria with 


different adaptive values 


TABLE 3. 
; Adaptive values Ir 
Set 
No. - 
Wis We W W Wis W 
l 8&3 0 43 1.00 67 60 .&5 
2 83 5 36 | 1.00 77 62 | .83 
3 83 .20 36 | 1.00 74 59 .&? 
4 83 .14 36 | 1.00 80 62 | .83 
5 O4 .06 51 | 1.00 48 52 | .94 
6 33 04 16 | 1.00 an 55 | .§53 
7 83 0 | 1.22 | 1.00 54 62 | .57* 
< 90 |} .05 .05 | 1.40 | 1.20 80 70 
9 50) .30 30. «1.30 .90 70 5/9 
10 0 0} 1.40 | 3.00 |} 1.40) 1.30 14 
11 | 1.00! 1.00} .90! 1.00} .90| 90 ¢ 
* 


unstable equilibrium 
t neutral equilibrium 


the abortive attempts to get adaptive 


values for the samples from 105 days on. 
. 


Condition 1 is not satisfied, conditon 
is. There is a point of unstable triple 
equilibrium. Depending on the starting 
point the stable equilibrium is AR and 
ST both eliminated, or CH eliminated 
with more ST than AR. Sets 8 through 
11 table hypothetical 
values. Set 8 does not satisfy condition 
1, vet there is a stable triple equilibrium 
Set 
9 satishes both conditions 1 and 2, vet 
Set 10 


nor condi- 


in 3 represent 


and three stable double equilibria. 


there is no triple equilibrium. 
satisfies neither condition 1 
tion 2, yet there is a stable triple equi- 


librium. Thus condition 1 and condi- 
tion 2 are neither necessary nor sufficient 
for triple equilibrium. 

Finally set 11 presents a new compli- 
cation. Equations 4 break down, giv- 
3 0, 


Further study shows that 


Fe and the p’s are 


ing gy 
undefined. 
allele 3 is eliminated and 1 and 2 form a 
neutral equilibrium. The actual course 
of events would be for the relative pro- 
portions of 1 and 2 to remain unchanged 
while 3 is lost; on the diagram the point 
directly away from the 


would move 


third vertex. 


equilibria Double equilibria 
| p p Dp Dp 
15 0 | .85 | .15 | 1.00 0 23 77 
A7 QO 83 Ad 1.00 0 36 .64 
17 0 82 | .17 | 1.00 0 37 63 
16 0 83 16 1.00 0 35 65 
06 0 94 06 .06* 94* 02 .O8 
34« | «C3 59 | .41 58 42 43 57 
ZS ae | ae 15 .70* | .30* 0 | 1.00 
24 08 sea ae 19 21 50 50 
4/9 0 |5/9 4/9 60 10 50 50 
1? 74 50 50 0 1.00 0 | 1.00 
t 0 ; t 1.00 0 1.00 0 
GENE FLOW DIAGRAMS 


Figure 1 shows the theoretical course 
of events when the adaptive values are 
the ones given by minimum chi-square 
for populations A and B, but only for 
the combination of gene frequencies 
used in thisexperiment. A more general 
picture of the consequences of a given 
set of W’s is given by the diagram in 
2. Here a number of starting 


are chosen, systematically dis- 


figure 
points 
tributed over the triangle diagram, and 
for each the result of one generation of 
is calculated. A line is then 
between the initial and final 
an arrowhead to show the 
The final diagram 
resembles the flow diagrams of hydro- 


selection 
drawn 
values, with 
direction of change. 


dynamics and will be called a gene flow 
diagram. Ifthearrowsare dense enough 
one can get a rough idea of the path fol- 
lowed from every starting value, and the 
approximate number of generations re- 
quired. All such diagrams have cer- 
tain featuresincommon. As the arrows 
get close to the boundaries, or to an in- 
of they get 


shi yrter, 


terior point equilibrium, 


shorter and an infinite time 


being theoretically required to actually 
reach them (or to leave them once there). 
[he arrows converge upon points of 
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stable equilibrium and diverge from 
points of unstable equilibrium. 

Figures 2 and 3 give the gene flow dia- 
grams for the W’s calculated by mini- 
mum chi-square from the averages of the 
two populations for the entire experiment 
and for the first 105 days respectively. 
For comparison with a case where there 
is a stable triple equilibrium, figure 4 
gives the flow diagram for the W’s cal- 
culated by Wright and Dobzhansky 
(1946). Figure 5 is an example of un- 
stable triple equilibrium based on the 
W’s of set 7 in table 3. For several 





starting values a series of generations 
have been calculated here, to show the 
sensitivity of the outcome on the start- 
ing value. 

Inspection of the flow diagrams sug- 
gests another question. If the p’s 
change, but the ratio p2/ps; remains con- 
stant, the arrow will point either straight 
towards or straight away from the first 
vertex. For what initial values of the 
p’s will this happen? Setting Z2/Z; 
= p2/ps in equation (2), we obtain the 
condition 


(5) piWie + p2Wee oe p3Wes = piW 4s + peW oe; + p3W 33. 


This is the equation of a straight line on the triangle diagram. Setting ps = 1 — p, 


— pe and solving for peo, we have 


W 33 W 33 oa (W 12 W -— W _ = W 23) Pi 





(6) Ds = 


from which the line may easily be drawn. 


if 


2Wes — Wee — Ws; 


Similarly the ratio p3/p: remains constant 


W a Wi aa (W 23 + W i. W a. W 139) P2 





(7) pe = 


and the ratio p;/p2 remains constant if 


2W aa Wi, — W 33 


W 2 —_ Woe + (W 13 + W 22 — W = wal. 23)P3 





(8) P= 


Arrows starting on the lines given by 
equations (6), (7), and (8) move either 
directly towards or directly away from 
vertices 1, 2, and 3 respectively, and we 
will refer to these lines as lines I, II and 
ITI. 

Let us now consider line I in some de- 
tail. It can easily be shown that for a 
given value of py, if the value of py is less 
than that given by equation (6), the 
ratio p2/ps; will increase; i.e., for a start- 
ing point above and to the right of line I 
the arrow will be deflected toward vertex 
2 or away from vertex 3. For points 
below and to the left of line I the reverse 
is true. If, for all p,; between zero and 
one, pe calculated from equation (6) is 
negative, line I does not exist, and py» 
always decreases relative to p;. If, for 


2Wi2 — Wir — Woe 





all p,; between zero and one, p; + pz is 
greater than one, line I does not exist and 
p2 always increases relative to p;. 
Since, for every starting point on line I, 
P2/ps remains constant, if this line crosses 
the boundary p; = 0 the intersection 
will be a point of stable or unstable 
double equilibrium. Conversely, if a 
point of double equilibrium between p,» 
and ps; exists, line I will exist and pass 
through the equilibrium point. How- 
ever, line I may exist without crossing 
the boundary p; = 0 when no double 
equilibrium exists. Similar results hold 
for lines II and III. 

If lines I and II intersect within the 
triangle, at the point of intersection 
p2/ps remains constant and p,/p; re- 
mains constant. Hence, at this point 





— a —— 
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‘ %CH 100 0 want 100 
FIG. 4 FIG.5 
Fics. 2-5. Gene flow diagrams for sets of adaptive values 2, 5, 6, and 7 respectively of tables 2 


and 3. 
one generation of selection. 
and unstable equilibrium in figures 3 and 5. 


p:/p2 also remains constant, or pi: = pe 
= p;. Hence line III also _ passes 
through the point and it is a point of 
triple equilibrium. Conversely, if there 
is a point of triple equilibrium all three 
lines exist and intersect at it. 

Consequently, all questions 
equilibrium can be answered by drawing 
whichever one of lines I, II, and Il exists. 
Since this is little more labor than the 
direct investigation of equilibrium given 
above, and since the lines give additional 
information, this is probably the pre- 
ferred method of investigation. From 
the lines, a general idea of the directions 
of gene flow may be obtained, although 
direct calculations are needed to deter- 
mine its speed. 


about 


Each arrow goes from an arbitrary starting value to the gene frequencies resulting from 
Intersection of lines I, II, III is point of stable equilibrium in figure 4, 
Further explanation in text. 


Figures 2 to 5 include lines I, II, and 
III. In figure 2 line II does not exist, 
and p;/p; always decreases. Figures 4 
and 5 have arrows starting on each line 
near their intersection to show the pecu- 
liar nature of the gene flow near a point 
of triple equilibrium. One might at 
first imagine that the population point 
moves more or less directly toward a 
stable equilibrium point. Actually it 
often moves quite obliquely. Indeed 
study shows that for figure 4, regardless 
of the starting point the ultimate path of 
approach lies within one of the two angles 
formed by the intersection of lines II and 
III. Finally, inspection shows that ar- 
rows starting on a given line on opposite 
sides of a point of triple equilibrium 
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point in nearly opposite directions. The 
general results above show that this will 
always be true. 


DEPENDENCE OF THE ADAPTIVE VALUES 
ON THE COMPOSITION OF THE 
POPULATIONS 


Though obviously lacking in precision, 
the estimates of the adaptive values of 
the different karyotypes shown in table 
2 agree in showing certain significant re- 
lationships. Thus, the ST/AR hetero- 
zygotes are the fittest karyotype, fol- 
lowed by the ST/ST homozygotes. The 
lowest fitness is shown by AR/AR homo- 
zygotes, CH/CH being intermediate be- 
tween ST/ST and AR/AR. Most of 
these relationships appear even in 
Wright’s old estimates, made on the 
basis of old data, the preliminary nature 
of which was clearly realized (Wright 
and Dobzhansky, 1946). 

The figures summarized in table 2 per- 
mit making certain deductions which can 
be tested experimentally. The adaptive 
values of the AR and CH homozygotes 
and AR/CH heterozygotes very clearly 
form the series AR/CH > CH/CH > 
AR/AR. This being the case, popula- 
tions containing only AR and CH chro- 
mosomes must reach equilibria at which 
CH should be considerably more fre- 
quent than AR. Exactly the opposite 
result, i.e., a greater frequency of AR 
than of CH, has, however, been observed 
by Wright and Dobzhansky (1946), 
Dobzhansky (1948, 1947), and Louis 
Levine (unpublished data). In popula- 
tions with only two gene arrangements, 
AR and CH, the hierarchy of the adap- 
tive values is, consequently AR/CH > 
AR/AR > CH/CH. In _ populations 
containing the three gene arrangements 
the ST/ST homozygotes are more fit 
than the ST/CH and CH/CH karyo- 
types (ST/ST > ST/CH > CH/CH, 
see table 2). This leads to the prediction 


that in populations in which only these 
two gene arrangements are present no 
equilibrium should be reached, and ST 
chromosomes should replace CH en- 
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tirely. This prediction is again con- 
trary to fact: Equilibria with a predom- 
inance of ST over CH have been observed 
by Wright and Dobzhansky (1946), 
Dobzhansky (1947, 1948), da Cunha 
(1951), and Dobzhansky and Pavlovsky 
(1953). Only Epling, Mitchell and Mat- 
toni (1953) thought that CH chromo- 
somes were in the process of elimination 
in some of their experiments. This 
claim, even if confirmed, would be irrele- 
vant here, being based on experiments 
conducted in an environment inade- 
quately described but in all probability 
different from that in our populations. 
The sensitivity of the adaptive values of 
the karyotypes to environmental modi- 
fications has been known for some time 
(Wright and Dobzhansky, 1946; Dob- 
zhansky, 1948; da Cunha, 1951). In 
populations in which only ST and CH 
chromosomes are present, the adaptive 
values form the series ST/CH > ST/ST 
> CH/ST, in the environments of our 
experiments. 

The discrepancies observed can have 
but one explanation. The adaptive 
value of a genotype in a given environ- 
ment depends upon the properties of that 
genotype as well as upon those of the 
other genotypes present in the same en- 
vironment. In a way, the foregoing 
statement is a tautology: The environ- 
ment of an organism may be altered by 
the proximity of other organisms. The 
concept of environment must certainly 
be understood broadly, including not 
only the physical but also the biotic 
variables. The AR/AR homozygotes 
are superior in fitness to CH/CH in 
populations containing no ST chromo- 
somes, but the relationship is reversed 
when ST chromosomes are _ present. 
Similarly, the relative adaptive values 
of ST/CH and ST/ST depend upon the 
presence or absence of AR chromosomes 
in the same population. 

The fact that the adaptive values 
calculated for the first 105 days differ 
from those calculated for the whole ex- 
periment is now understandable. A 
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glance at table 1 suffices to show that 
some of the karyotypes underwent 
great changes in frequencies during 
the experiments. Since the adaptive 
value of a karyotype may depend on 
what other karyotypes are present in the 
same environment, it is not unexpected 
that the selective pressures in the popula- 
tions A and B have not remained con- 
stant with the progress of selection. 
Thus, it appears that the fitness of the 
ST/ST homozygotes was higher in these 
populations at the beginning of the ex- 
periments, when this karyotype was rare, 
than towards the end, when it became 
frequent (table 2). The figures also 
suggest that the adaptive values of the 
AR/CH and ST/CH heterozygotes in- 
creased slightly as these karyotypes be- 
came rare in the populations. It would 
be premature at this time to draw the 
inference that the fitness of a karyotype 
is inversely related to its frequency in 
the population, although the figures in 
table 2 (except for CH/CH) 
such a relationship. 


suggest 


ARCHITECTURE OF THE GENE POOL 


Recent advances in population genet- 
ics tend to emphasize the delicate ad- 
justments which exist many 
components of the gene pool of a Mende- 
Linked gene complexes 


between 


lian population. 
which occur in such populations are 
often, perhaps even in a majority of 
cases, deleterious when homozygous, but 
highly fit in heterozygous combinations 
with other gene complexes found in the 
same gene pool (Wallace and Madden, 
1953; Dobzhansky and Spassky, 1953, 
1954). A 


exists 


mutual adjustment 
the 


ments responsible for the balanced poly- 


similar 
also between gene arrange- 
morphism observed in many populations 
of Drosophila, the structural heterozy- 
gotes having a net advantage in adaptive 
value over the homozygotes. 
Dobzhansky and Levene (1948) found 
that inversion heterozygotes are, on the 


average, slightly more, and inversion 
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homozygotes less, frequent in natural 
populations of D. pseudoobscura than 
expected on the basis of the binomial 
square rule. It follows that, considering 
the populations of all the localities 
studied as a whole, there is an over-all 
tendency for differential survival favor- 
ing the heterozygotes. A similar situ- 
ation is indicated for D. willistoni (da 
Cunha, 1953). The sensitivity of the 
adaptive values of the karyotypes in 
natural polymorphic populations makes, 
however, the magnitude and the direc- 
tion of the selection vary in 
different localities, at different seasons, 
and even in the two sexes. Apart from 
D. pseudoobscura, such variations have 
been observed in D. robusta (Levitan, 
1951 and unpublished data) and in D. 
polymorpha (da Cunha, 1949). 

Epling, Mitchell, and Mattoni (1953) 
found that, in D. pseudoobscura on 
Mount San Jacinto, the deviations from 
the frequencies demanded by the bino- 
mial square rule affect at different seasons 
different zygotic They con- 
cluded that inversion heterozygotes in 


pressure 


classes. 


this species are not “‘adaptively superior 
to the 
Differential survival between the egg and 
the adult stages should not be confused, 
however, with differences in adaptive 


corresponding homozygotes.”’ 


values. A less viable genotype may be 
superior in adaptive value to a more via- 
The vi- 
ability is not necessarily proportional to 


ble genotype, and vice versa. 


fecundity, longevity, sexual activity, and 
other variables which, together with the 
viability, determine the adaptive value 
The adap- 
tive values can not be deduced from the 
kind of data considered by Epling and 
Da Cunha (1949) found 
a balanced polymorphism in D. poly- 


of a genotype or a karyotpye. 


his colleagues. 


morpha despite a systematic deficiency 
in the viability of the heterozygotes. 
The degree of adaptedness of karyotypes 
of D. pseudoobscura varies at different 
seasons and in the different facies of the 
environment which the species inhabits. 
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This is assuredly no evidence that the 
persistence of the karyotypes in the pop- 
ulation is not due to balanced polymor- 
phism. 

The sensitivity of the adaptive values 
of the karyotypes which occur in poly- 
morphic populations of D. pseudoobscura 
to environmental factors is indeed re- 
markable. Moreover, this sensitivity is 
itself an adaptive trait which permits the 
adaptedness of the populations to reach 
a high degree of precision. It should be 
kept in mind that the experiments de- 
scribed in this article have been made at 
25°C. At 16° C. the adaptive values of 
these karyotypes are very near equality 
(Wright and Dobzhansky, 1946; Dob- 
zhansky, 1949). Yet, Spiess (1950) 
discovered that in the closely related D. 
perstmilis the karyotypes have different 
adaptive values at 16° C. but tend to- 
wards equality at 25° C. Again the 
adaptive value of a karyotype depends on 
the species of microorganisms which the 
flies use for food (da Cunha, 1951 and 
unpublished experiments of Dobzhansky 
and Spassky). Finaliy, the data pre- 
sented in this article show that the 
adaptive value of a karyotype is modi- 
fied by the presence of individuals with 
other karyotypes in the same environ- 
ment. 

SUMMARY 


Experimental populations of Droso- 
phila pseudoobscura were set up in which 
three different gene arrangements (ST, 
AR, and CH) were present among the 
third chromosomes. Six karyotypes are 
found in such populations—the struc- 
tural homozygotes ST/ST, AR/AR, and 
CH/CH, and the heterozygotes ST/AR, 
ST/CH, and AR/CH. The adaptive 
values of these karyotypes were esti- 
mated from the changes which took place 
in the populations under the influence of 
natural selection. The structural hetero- 


zygotes were for the most part adap- 
tively superior to the corresponding 
homozygotes, 


i.e., showed heterosis. 
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The adaptive values of the karyotypes 
were shown, however, to depend not 
only on the physical environment and the 
nutritional conditions but also on what 
other karyotypes were present in the 
same populations. An improved method 
for estimating adaptive values was de- 
veloped, and the theory of the behavior 
of populations with three karyotypes is 
discussed. 
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INTRODUCTION 


In previous papers (White, 1949, 1950, 
195la, b, c, d, e) the peculiar mechanism 
of structural heterozygosity which exists 
in certain species of the North American 
grasshopper genus Trimerotropis and in 
the related genera Circotettix and Aero- 
choreutes has been discussed. These 
three genera may be referred to as the 
group Trimerotropi, a taxonomic entity 
which is confined to North America, ex- 
cept for two species of Trimerotropts 
which have penetrated to South America, 
doubtless at a geologically rather recent 
date. 

It has long been believed by taxonom- 
ists that the Trimerotropi, and more espe- 
cially the genera Circotettix and Aero- 
choreutes, are closely related to the palae- 
arctic group Bryodemae. This view was 
expressed by Rehn (1921) when creat- 
ing the genus Aerochoreutes and by Bey- 
Bienko (1930) when monographing the 
Bryodemae (which include the genera 
Bryodema, Angaracris, Uvaroviola, and 
Compsorhipis from Eastern Europe, U.S. 
S.R., Tibet, Mongolia, and N. China). 
In fact the latter author regards Circotet- 
tix and Aerochoreutes simply as nearctic 
offshoots of the Bryodemae, without dis- 
cussing their evident relationship to the 
large and rather heterogeneous assem- 
blage of species currently included in the 
genus Trimerotropis. 

In view of this generally-accepted sys- 
tematic relationship between the Trimero- 
tropines (or some of them, at any rate) 
and the Bryodemae, it seemed desirable 
to make a cytological study of some repre- 
sentatives of the latter group. It will be 
appreciated that it is not easy, under pres- 
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ent conditions, to obtain material of the 
Bryodemae. However, through the great 
kindness of Dr. W. Jacobs (University 
of Munich), fixed testes of ten individ- 
uals of Bryodema tuberculatum bavart- 
cum Zacher collected by him in the moun- 
tains of Bavaria were obtained. Since 
the cytology of this form is radically dif- 
ferent from that of any Trimerotropine 
and presents certain features of unusual 
interest, it seems worth description. 


OBSERVATIONS 


Spermatogonial metaphases of B. tu- 
berculatum bavaricum (fig. la) show 23 
acrocentric chromosomes (i.e. elements 
consisting of a long arm and a very min- 
ute one, separated by the centromere). 
The X-chromosome is easily distinguish- 
able on account of its negative hetero- 
pycnosis at this stage. The 11 pairs of 
autosomes form a graded series in respect 
to length, but two pairs are markedly 
smaller than the others, and of these, the 
smallest, No. 11, is easily distinguishable 
from the next, No. 10. 

It will be convenient to begin our ac- 
count of meiosis with a description of the 
first metaphase stage, reserving discus- 
sion of the prophase stages until later. 
The first metaphases (fig. 2) are extra- 
ordinarily similar to those of the grass- 
hoppers of the genus Stethophyma (= 
Mecostethus) figured and described by 
Janssens, McClung, White, and Callan 
(for references see White, 1954). The 
11 autosomal bivalents show a very low 
chiasma frequency and an extreme de- 
gree of chiasma localization. Most of 
these bivalents appear in polar view as 
large, wide-open V’s. Actually, by focus- 
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Fic. 1. Spermatogonial metaphas« 1) and early diplotene | in Bryodema. Not all 
the eleven bivalents are shown in the latter, which shows the X, six bivalents with a single 
chiasma, and two with two chiasmata. 5pp the fifth bivalent with a distal and a proximal 
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Fic. 2 a first metaphases: a ind ¢ in polar view, d in side view 5p, the fifth bivalent 
1 1 ~ ‘ ‘ ' ‘ 1 
with a singl stal chiasma; 5pp, the same with a distal and a proximal chiasma; Opp, the 
sixth bivalent with tw hiasmata; 1), a alent which probably has the proximal chiasma 


in the “short irm.” 
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TABLE 1. Nuclei with various numbers of chiasmaia 

Individual A B Cc D E I G 
Cyst No. - - - 1 2 ia a l 2 3 
11 chiasmata 1 9 - 8 10 fe - =- = 18 23 13 11 
12 chiasmata - - =. « « F956 8 B23 8§ 
13 chiasmata - - - - - . 4 2 - - 
14 chiasmata - * = - - - —e. 7 2 - a - 

Roninteanaied? comead =" aialaientiatt 
Total 6 11 9 18 43 60 19 





* This cell falls in the 11-chiasmata category because it showed 2 univalents—otherwise it would 
have been included in the 12-chiasmata category since it had 1 ring bivalent. 


t In 4 of these cells the ring bivalent was No. 6 rather than No. 5 


chiasma. 


t In 1 of these cells the ring bivalent was No. 6 rather than No. 


chiasma. 


§ In 3 of these cells the ring bivalent was No. 6 rather than No. 


chiasma. 


ing up and down, one can see that they 
are really four-armed structures, two very 
short vertical limbs arising at the point of 
junction of the much longer horizontal 
limbs. The vertical limbs consist of the 
“short arm,” the centromere, and a small 
proximal part of the long arm. 

Such bivalents possess a single chiasma 
in the long arm, situated very close to the 
centromere. In some instances, where 
the “vertical” limbs are too small to be 
seen, the chiasma may be actually ad- 
jacent to the centromere; in other cases, 
it lies a little distance away from it but 
still in its immediate neighborhood. If 
we were to take the relative lengths of 
the “vertical” and “horizontal” limbs in 
such bivalents as an indication of the 
position of the chiasma along the chro- 
monema, we might conclude that the 
chiasma was invariably situated in the 
proximal tenth of the genetic chromosome. 
But if we make the same calculation on 











TABLE 2. Chiasma frequency Distribution 
of bivalent No. 5 
Individual 
Chiasmata A @ € ® E F G 
Distal only 5 9 0 18 O 56 14 
Proximal and Distal 1 2 9 0 43 4 #5 





and No. 5 had only a distal 
5 and No. 5 had only a distal 


5 and No. 5 had only a distal 


the basis of relative volumes rather than 
relative lengths (which seems more justi- 
fiable, the vertical arms being much more 
slender), we reach the conclusion that the 
chiasma is restricted to a much shorter 
section of the total chromosome length. 

Of the 11 bivalents, two do not con- 
form to the above description. The small- 
est, No. 11, seems invariably to form 
a single distal chiasma (rather than a 
proximal one), so that at first metaphase 
it consists of two small ovoid bodies lying 
“vertically” one above the other. An- 
other anomalous bivalent, which we have 
called No. 5, also invariably forms a dis- 
tal chiasma. But in 64 out of 166 first 
metaphases studied (see table 2) this bi- 
valent also possesses a proximal chiasma, 
i.e. it forms a small ring. 

As a result of these regularities of 
chiasma formation, most first metaphases 
show either 11 or 12 chiasmata, the fifth 
chromosome pair being represented either 
by a vertical rod-bivalent (fig. 2d) or by 
a ring-bivalent. In some _ individuals, 
however, one or two bivalents other than 
No. 5, form both distal and proximal 


chiasmata (table 1). 

An inspection of tables 1 and 2 reveals, 
in spite of the limited data, that there are 
significant differences in chiasma fre- 
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Fic. 3. 


Bryodema 


Diagram showing the position of formation of the proximal chiasma (CH) in 


relation to the centromere (Cent.) and the proximal heterochromatin( Het) in Stethophyma 


and Bryodema. 


quency between the individuals studied. 
Thus in individuals D and F chromosome 
5 almost always forms a rod-bivalent with 
only one distal chiasma; while in individ- 
uals C and E it always possessed both 

proximal and a distal chiasma. Whether 
these differences between individuals are 
main to genetic or environ- 
of course, quite un- 
known. The very limited data on in- 
dividuals D, E, and F suggest that there 
are no significant differences between the 
regard to 


due in the 
mental causes 1s. 


cysts of a single testis in 
chiasma frequency. 

The general appearance of t 
tene bivalents of Bryodema is shown in 
hgure lb. It will be seen that the X is 
strongly heteropycnotic at this stage. On 
the other hand, autosomal heterochroma- 
tin is nothing like as conspicuous as it is 
in Stethophyma. The 5th 


he diplo- 


bivalent (1.e. 
the one which frequently forms a second 
chiasma) is, however. clearly hetero- 


7 
hroughout a large 


thicker than the 
[In the 


pycnotic t part of its 


length and appears much 


others during the diplotene stage. 


sin 
other autosomes slightly but definitely 


conde ns¢ d 


1 


segments can be 


proximal 


made out. These regions are in all cases 


distal to the proximal chiasma, i.e. the 
chiasma occurs between the centromere 
and the proximal heterochromatin. (See 
diagram, fig. 3.) This seems to be an 


important point of difference between 


Bryodema and Stethophyma, since in the 
latter the distal t 


chiasma is formed 


L.A., long arm; S.A., short arm. 


the proximal block of heterochromatin 
(White, 1936; Callan and Montalenti, 
1947). The centromeres cannot, of 
course, be actually seen in these stained 
preparations of diplotene chromosomes, 
but the “short arms” on the far side of 
them show up very clearly as tiny, deep- 
staining “trabants.” The difference in 
the relative positions of the chiasma and 
the heterochromatin in Bryodema and 
Stethophyma probably means that the 
chiasma is fixed within 
even narrower limits in the former and 
closer to the centromere. It is 
proximal chiasmata in 


position of the 


is even 

possible that the 
Bryodema are even closer to the centro- 
meres at diplotene than at first metaphase, 
i.e. that a slight movement of the chias- 


mata away from the centromeres takes 
place between these stages. 

No special study of pachytene or earlier 
prophase stages was undertaken, the sec- 
material 


tioned not being suitable for 


this purpose. Enough observations of 
pachytene nuclei were made, however, to 
convince us that Darlington’s hypothesis 
that 
complete or interrupted pairing does not 
apply in the present case, the pachytene 


bivalents completely 


chiasma localization is due to in- 


being apparently 
paired from end to end. 
DISCUSSION 
Significance of chtasma localization 


Some degree of chiasma localization 1s 
probably universal in organisms possessing 
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chiasmata at meiosis. It is, in fact, un- 
likely that any animal or plant has an 
entirely random distribution of crossing- 
over along the length of its chromosomes. 
Chiasma localization can, however, only 
be studied cytologically in species whose 
chromosomes are long enough at the 
relevant stages of meiosis so that the 
positions of the chiasmata can be deter- 
mined with a sufficient degree of ac- 
curacy. In view of these considerations, 
it is not surprising that most studies of 
localization have been carried out on such 
organisms as Liliaceae (Darlington, 1935 ; 
Frankel, 1940), Urodeles (Callan, 1942; 
Wickbom, 1945), and grasshoppers (see 
White, 1954, for references to the earlier 
literature) in which the chromosomes are 
exceptionally large. Two main types of 
localization have generally been distin- 
guished, proximal and distal. In the first 
the chiasmata are restricted to the neigh- 
borhood of the centromere, while in the 
second they are confined to short regions 
near the ends of the chromosomes. 

Bryodema_ tuberculatum is_ probably 
the most extreme example of chiasma 
localization thus far known, although in 
many other species with small chromo- 
somes and very low chiasma frequencies, 
the positions of the chiasmata may be 
equally restricted. 

Such a rigid localization of chiasma 
formation to minute regions very close 
to the proximal and distal ends of acro- 
centric chromosomes represents, in ef- 
fect, an almost complete suppression of 
intra-chromosomal genetic recombination. 
Chiasmata occur, but they are genetically 
ineffective. There can be very little 
doubt that if Bryodema were studied 
genetically it would be described as hav- 
ing “no crossing-over in the male,” par- 
ticularly since the minute “short arms” 
which would show crossing-over are prob- 
ably heterochromatic and gene- 
tically inert. 

In most of the more extreme examples 
of chiasma localization that have been 
studied (Triturus palmatus and vulgaris, 
Stethophyma spp., Bryodema) chiasma 


hence 
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distribution in the female meiosis has not 
been investigated. For an understanding 
of the genetic and evolutionary signifi- 
cance of the whole phenomenon, the next 
step is surely a study of the oogenesis of 
some such form as Bryodema or Stetho- 
phyma to determine whether the dis- 
tribution of chiasmata in the female is of 
the same type as in the male. As far as 
animals are concerned, almost the only 
evidence bearing on this point comes from 
cytogenetic work on the silkworm. It 1s 
well-known that in this insect there is no 
crossing-over in the female, but a moder- 
ate amount in the male (Tanaka, 1953). 
The figures of Maeda (1939) suggest 
that the chiasmata are strictly localized 
in the female, but more randomly dis- 
tributed in the male. In the species of 
the plant genus Fritillart1a, however, the 
same degree of localization occurs in the 
embryo-sac as in the pollen-mother-cell 
(Darlington and La Cour, 1941). 

From all standpoints, there is a funda- 
mental qualitative distinction between par- 
tial localization of chiasmata (in which 
they are formed with different frequencies 
in different parts of the chromosome, but 
in which no region has a zero frequency ) 
and absolute localization (in which cer- 
tain chromosomal regions have a zero 
chiasma frequency). Itcertainly appears, 
from the limited material examined, as if 
the males of B. tuberculatum and Stetho- 
phyma spp. do have chromosomal regions 
with a zero chiasma frequency, and that 
these regions probably extend over at 
least 90% of the total chromosomal 
length. 

It has repeatedly been pointed out that 
paracentric inversions, which seem to 
provide the basis for mechanisms of adap- 
tive heterosis in many species of Droso- 
Phila (Dobzhansky, 1951), could hardly 
be expected to establish themselves and 
play the same role in animals with chi- 
asmata in the males, since formation of 
dicentric and acentric chromatids by 
crossing over in inverted segments dur- 
ing spermatogenesis would lead to the 
production of inviable zygotes. 


many 
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This argument would hardly apply, how- 
ever, in cases where the chiasmata are 
restricted to certain very short chromo- 
somal regions, since inversions could 
establish themselves in other parts of the 
chromosomes, where chiasmata are never 
formed. The Drosophila type of adap- 
tive heterosis does, however, depend on 
two essential conditions: (1) a mecha- 
nism whereby, in oogenesis, the dicentric 
and acentric chromatids are eliminated in 
the polar nuclei, and (2) the fact that 
in structurally homozygous females cross- 
ing-over does take place freely in the 
regions which show structural heterozy- 
gosity in other members of the popula- 
tion. There is, as yet, no direct evidence 
for the existence of inversions in the 
chromosomes of Stethophyma and Bryo- 
dema. But if conditions (1) and (2) 
apply in them (1.e. if there is a mecha- 
nism for the “excretion” of dicentric and 
acentric chromatids during oogenesis and 
if chiasma localization is absent or only 
relative in the females), then it may be 
that the extreme chiasma-localization of 
the males has an adaptive significance, 
since it would permit the establishment 
of inversions which would otherwise be 
eliminated by natural selection. If this is 
the case such species would be able to 
enjoy the advantages of adaptive chromo- 
somal polymorphism and genetic recom- 
bination in the female sex, in spite of 
having sacrificed recombination in the 
males (see Carson, 1953, for a discussion 
of the relative advantages of recombina- 
tion and adaptive polymorphism). In 
view of the importance of genetic recom- 
bination in adaptive evolution, it seems 
likely that the long chromosome regions 
which appear to have a zero chiasma fre- 
quency in males of Bryodema and Stetho 
phyma either form chiasmata in the fe- 
males (unlike the Fritillarta case where 
reproduction is largely vegetative) or else 
that certain rare genotypes in the popula- 
tion do have chiasmata in these regions. 

The genera Bryodema and Stetho- 
phyma are not at all closely related so 
that their peculiar pattern of chiasma dis- 
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tribution must have been independently 
evolved. In fact, as we have seen, there 
are significant differences in the positions 
of the proximally localized chiasmata, 
which are formed between the centro- 
meres and the heterochromatic blocks in 
Bryodema, while in Stethophyma they are 
on the other side of the heterochromatic 
segments. 

The degree of chiasma localization seen 
in these two genera is only an extreme 
manifestation of a tendency which is prob- 
ably present to some extent in all male 
grasshoppers. The great majority of the 
species show a combination of proximal 
and distal localization( the longer chromo- 
showing both types, while the 
shorter ones show one only). Exaggera- 
tion of the distal localization with al- 
most complete loss of the proximal chi- 
asmata leads to the kind of distribution 
seen in Paratylotropidia (White, 1953), 
while the reverse development has pro- 
duced the Bryodema-Stethophyma pattern 
of chiasma formation. In all such cases 
there is one chromosome pair with ex- 
tensive heterochromatic regions which has 
a rather different distribution of chias- 
mata from that which obtains in the other 
members of the complement. The more 
extreme forms of localization are natu- 
rally always associated with very low 
chiasma frequencies (11—14 chiasmata per 
nucleus in the species we have discussed, 


somes 


in contrast to 13-20 in grasshoppers with 
less extreme localization ). 
The patterns of chiasma 
found in particular groups of grasshop- 
pers are probably of considerable antiquity 
(there is evidence that the Stethophyma 
type is found not only in three species of 


localization 


+ 


hat genus but also in a member of the 
related Atcyptera). In some in- 
stances it seems likely that the dimensions 
of the spindle and of the cell as a whole 
at the time of the first meiotic division 
are co-adapted to the shape of the bi- 


genus 


valents. We have made no exact meas- 
urements on this point but it seems likely 
that extreme distal localization is as- 


sociated with an elongated type of spindle 
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at first metaphase. On the other hand, 
the Bryodema-Stethophyma proximal 
localization requires first spermatocytes 
which are broad in the equatorial region, 
there being plenty of cytoplasm to ac- 
commodate the long horizontal arms of 
the longer bivalents. 

The distribution of chiasmata in the 
structurally heterozygous Trimerotropi is 
a complex matter, since their pattern of 
localization in particular chromosome 
pairs depends on whether the bivalent is 
structually heterozygous or homozyous. 
But since the rearrangements are always 
proximal, and since they act as crossover- 
suppressors when heterozygous, it is obvi- 
ous that all the chromosomes in which 
they occur must possess a strong develop- 
ment of distal localization. Although 
many of the Trimerotropi also show some 
degree of proximal localization as well, 
this does not affect the fact that ability to 
form a distal chiasma in most or all of 
the chromosomes must have been a pre- 
condition for the development of the char- 
acteristic ““Trimerotropine” type of struc- 
tural heterozygosity. 


Systematic conclusions 


Before carrying out this investigation, 
we expected that if any member of the 
Bryodemae were to be examined cyto- 
logically it would be found to show some 
resemblances to Cuircotettix and Aero- 
choreutes, i.e. that it would almost cer- 
tainly show some metacentric chromo- 
somes (probably including the X) and 
that it would possibly exhibit the same 
mechanism of structural heterozygosity 
as do the two North American genera. 
That B. tuberculatum should prove to 
have no metacentric chromosomes and no 
structural heterozygosity was hence quite 
unexpected. That it should possess a 
highly peculiar type of chiasma localiza- 
tion was even more so. Taken together, 
the cytological findings certainly suggest 
that this form is not nearly so closely re- 
lated to the two nearctic genera as has 
been generally supposed. 
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We are not in a position to express an 
opinion as to how far the genera included 
in the Bryodemae represent a natural as- 
semblage. It is worth noting, however, 
that Bey-Bienko regards B. tuberculatum 
as the nearest of the Bryodemae to Circo- 
tettix and Aerochoreutes (certain other 
species of Bryodema have the wings and 
elytra shortened in the female sex, which 
reduces their resemblance to the N. 
American forms). Thus it is in the form 
which has been studied cytologically that 
chromosomal similarities to the nearctic 
genera should be expected, rather than 
in the other species of Bryodema. The 
remaining genera of the Bryodemae seem 
to be more specialized forms, still further 
removed from the Cuircotettix-Aerocho- 
reutes complex. 

The close relationship of Cuircotettix 
and Aerochoreutes (together with “Ctr- 
cotettix” maculatus Scudder) to the mem- 
bers of section “B” of Trimerotropis is 
shown by their common possession of a 
large number of metacentric chromo- 
somes and by the fact that these species 
either possess a mechanism of structural 
heterozygosity (certain chromosomes 
being either acrocentric or metacentric) 
or must be presumed to have possessed 
such a mechanism in the past. Evidence 
in favor of the same relationship is pro- 
vided by the disagreement among taxon- 
omists as to whether suffusa Scudder 
and verruculata (Kirby) should be as- 
signed to Trimerotropis or Ctrcotettix. 

These American forms consequently 
constitute a natural assemblage for which 
the name “M.C. grasshoppers” (from the 
term metacentric) has been used (White, 
195le). The morphological diversity of 
this group suggests that it is an ancient 
one. We may accordingly discuss its 
relationships to section A of Trimero- 
tropis (the members of which have all 
their chromosomes acrocentric) on the 
one hand and to the Bryodemae on the 
other. It must be emphasized that the 
cytological evidence clearly points to the 
M.C. grasshoppers as a derived and cyto- 
genetically specialized Having 


group. 
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acquired numerous metacentric chromo- 
somes, it is highly unlikely that they 
would have reversed the trend and, by a 
series of improbable structural rearrange- 
ments, re-converted them into acrocen- 
trics. 

Thus chromosome morphology suggests 
that the M.C. group could have arisen 
from the same stock as section A or from 
that of the Bryodemae, but that the re- 
verse type of change is far less probable. 
However, the discovery of an extreme 
type of proximal chiasma localization in 
Bryodema (whereas the structural hetero- 
zygosity of the M.C. group requires dis- 
tal localization) renders the origin of the 
M.C. group from the Bryodema 
highly unlikely. We are accordingly left 
with the conclusion that the M.C. grou 
is clos ly related to the members of sec 
tion A (or to some of them, at any rate, 
is 1 rather 


stock 


| 
neterogeneous as 


since this is a 
semblage) and that any relationship to 
the Bryodemae is through section A or 
rather than direct. At 


Sane Lian; 
features of resemblance, 


its ancestors, 
least some of the 
such as the thickening of the superjacent 
radials of the hind wing, may have been 
independently acquired in the Bryodemae 


and in. th Circotetttx-Aecrochoreutes 
stock. Significant features of external 
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SUMMARY 
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VavVaricum Snows an extreme 
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type of chiasma localization, most of the 
chiasmata being formed immediately ad 


iacent to the centromeres This kind of 


localization amounts to a virtual abolition 
ot intrachromosomal recombination, the 


chiasmata which are formed being genet 


ically ineffective. The distribution of the 
chiasmata in Bryodema is compared with 
other types of chiasma localization found 
in various genera of grasshoppers and 
some of the relationships between chi- 
asma localization and structural hetero- 
zygosity are discussed. 

2. The cytology of this species of the 
palaearctic Bryodema seems to 
preclude any very close relationship be- 
this and the nearctic Tri- 
merotropine genera Circotettix and Aero- 
Bryodema shows a 
mor- 


genus 


tween genus 


choreutes, to which 
resemblance in external 
The Trimerotropi are 
quently an _  autochthor \merican 


striking 
phology. conse- 
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INTRODUCTION 


understanding of the 


group 


thorough 


Any 
phylogenetic relationships within a 
of organisms obviously requires a knowl- 
edge of the chromosomal patterns of the 


; + 
inteT- 


species studied. Our studies on 
(Danforth and 
Sandnes, 1939: Danforth, 1950; Sandnes, 
1952) have 
information of this kind. 


\ recent publication (Sandnes, 1954) 
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this species of Gallus, the reader is re 

ferred to Yamashina (1944). Another 
report by that investigator (1943) forms 
the basis for the discussion which follows 
unless otherwise indicated. Yamashina’s 
studies with which we are concerned were 
based on the phasianid genera Gallus, 
Phastanus, Syrmaticus and Chrysolophus, 
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an » | 
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Phasianus-Gallus hybrids. It is seen that 
the Z chromosome is the U-shaped body, 
fifth in size in Gallus and probably fourth 
in Phasianus. In some cases in the 
writer's experience this chromosome 
seems to be third in size in Phastanus 
and Chrysolophus. Nevertheless the Z 
chromosomes of the two genera are of 
the same size and form. 

The remaining chromosomes of Gal/us 
and Phasianus appear identical except for 
those lettered b, d and b’ in Yamashina’s 
drawings (second, fourth and seventh in 
the series). The b chromosome of Phasi- 
anus is the same length as the long arm 
of the b chromosome of Gallus. Simi- 
larly, the d chromosome of Phasianus is 
identical to the long arm of the d chromo- 
some of Gallus. In Yamashina’s opinion 
the b’ chromosome (seventh in the series ) 
is missing in Gallus but represented in 
that genus by the short arm of the b 
chromosome. In a like manner he con- 
cludes that the short arm of the d chromo- 
some of Gallus probably occurs as one of 
the smaller chromosomes (microchromo- 
somes) in Phastanus. The fact that 
Phastanus has two pairs more than Gallus 
would thus be accounted for by this in- 
vestigator. 

The only difference in the form of the 
chromosomes of Phasianus and Syrma 
ticus that could be found was the fact 
that the b chromosome of P/iiastanus was 
slightly shorter than that of Syrmaticus 
In a similar way it was found that the 
chromosomes of Chrysolophus differ from 


Fic. 1. Macrochromosomes from somatic 
cells of hybrids between Gallus ¢ and Phasianus 
Upper two figures from male; lower from 
female. Designations F and P for Gallus and 
Phasianus respectively. 

Fic. 2. Chromosomes of hybrid between 
Syrmaticus and Chrysolophus. Upper drawings 
from spermatogonial metaphases; lower from 
primary spermatocytes. Cb and Gb represent 
the b chromosomes of Syrmaticus and Chryso- 
lophus respectively. 

Fic. 3. Macrochromosomes of hybrid be- 
tween Syrmaticus and Chrysolophus serially 
aligned. Row C from Syrmaticus; row G 
from Chrysolophus 


those of the other two genera only in 
that its b chromosome is in turn slightly 
shorter than that of Phastanus. 

For the purpose of comparing the b 
chromosome lengths of these three genera, 
Yamashina (page 350) gives the ratios 
between the lengths of the b and c chromo- 
somes in each genus. Such ratios were 
assumed to be reliable since the c chromo- 
somes are “fairly equal’ in each genus. 
The ratios given are as follows: Syrma- 
ticus, 0.79; Phasianus, 0.77; and Chry- 
solophus, 0.68. 

The chromosomes of F, male Syrma- 
ticus-Chrysolophus hybrids were also 
studied by Yamashina. The chromosome 
sets of the two genera are normally repre- 
sented as shown in figures 2 and 3. It 
is further seen (50 and 51 of fig. 2) that 
meiotic pairing is normal and that the 
two genera, with the minor exception of 
the variation in length of the b chromo- 
somes, do not differ in any observable 
way. In a like manner, the writer's ob- 
servations on the somatic chromosomes 
of Phasianus-Chrysolophus hybrids from 
repeated backcrosses to Chrysolophus 
failed to reveal any differences in the 


parental chromosomes. 


EVOLUTIONARY CONSIDERATIONS 


The chromosomal morphology just re- 
viewed clearly indicates that a marked 
difference exists between the chromo- 
some sets of the domestic fowl and the 
other three genera considered ( Phastanus, 
Syrmaticus and Chrysolophus), that the 
latter differ only slightly in their chromo- 
somal configurations, and finally that the 
chromosomes of the two species of Chry- 
solophus (C. pictus and C. amherstiae) 
are identical in appearance. The relative 
differentiation of the chromosomal sets 
coincides with the degrees of evolutionary 
divergence of the genera and species rep- 
resented as deduced from a variety of hy- 
bridization data by Sandnes (1952). 

With the exception of the very slight 
differences in length of one pair of chro- 
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mosomes in three of the genera, it would 
appear that whatever chromosomal dif- 
ferences do exist represent no more than 
a separation of chromosomal arms, so the 
various genera must have all, or almost 
all, of their gene loci in common. The 
homologies of the chromosomal arms of 
other phasianid genera as well as Gallus 
and Phasianus were interpreted in a 
similar manner by Sokolow, Tiniakow 
and Trofimow (1936), for the three phasi- 
anid genera Gennaeus, Meleagris and 
Numida by Yamashina (1946), and for 
Pavo, a phasianid, and other genera from 
related avian families by the same in- 
vestigator (1951). A more exact analy- 
sis of homology of cliromosomal segments 
will have to await a technique for the de- 
termination of linear arrangements of 
chromosomal regions. 

The apparently high degree of evolu- 
tionary stability of the chromosomes, 1n- 
cluding the large number of microchromo- 
somes, is especially noteworthy. It would 
thus seem that the role of heterochromatin 
and gene position have been negligible in 
the speciation of the Phasianidae. <A 
similar conclusion seems to obtain for 
the species of the genus Drosop/ula de- 
spite the considerable variation in chro- 
mosomal patterns found in that genus 
(cf. Patterson and Stone, 1952, Chapters 
4 and 5). 

it follows that mutations 
been the chief hereditary factors in the 
this 


gene have 
speciation of phasianid forms. In 
connection some reference to a paper by 
Danforth (1950) will be of interest. This 
author has demonstrated by very detailed 
observations that the contrasting plumage 
traits differentiating the genera Phiasianus 
and Chrysolophus and the two species of 
Chrysolophus are dependent for their full 
expression on relatively large complexes 
of separately heritable units which are not 
of equal value so far as the main trait is 
concerned but consist of one, or at the 
most of a very few major elements that 
are reinforced and supported by numer- 


ous minor ones. Also very significant is 
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the fact that the traits studied were diag- 
nostic in the systematist’s sense. 

It would thus appear that the evolu- 
tion of the Phasianidae has occurred 
mainly or entirely through the medium 
of one or only a few mutations in each 
case which must have occurred at favor- 
able times in the history of the incipient 
species, and later been augmented and 
“fixed” in an evolutionary sense by gene 
modifiers. Such a process would appear 
to have the advantage of increasing the 
probability that a species may pass from 
one ‘“‘adaptive peak”’ to another, since only 
one rather than a combination of genes 


would be needed for the transition. The 
proposed model therefore has the addi- 
tional merit of being operational and 


simple. 

The possible absence of major genes as 
differentiators of species in other animal 
groups need not of necessity preclude the 
possibility that their origin was brought 
about by such temporally tandem se- 
quences of mutations with large pheno- 
typical effects. The stability of a species 
is determined by homeostatic 
One of these, the accumulation of modi- 
fiers, has been mentioned. A still fur- 
ther the stability of a sys- 
tematic trait could conceivably be brought 


forces. 


increase in 


about by the replacement in time of the 
major gene by other genes additively pro- 
ducing the same or a similar phenotype. 

To the extent that the proposed model 
is saltational it is in agreement with Gold- 
schmidt’s theory of the systemic muta- 
tion (Goldschmidt, 1940), but beyond 
this the present writer does not venture 
to speculate for the time being. It is 
quite true that the taxonomic characters 
studied by Danforth are more fully ex- 
pressed in the adults than in earlier stages 
of development; it is also true that there 
is a lowered fecundity (and_ viability) 
among hybrids from crosses between the 
various phasianid genera, but much of 
this may be due to a segregation among 


the hybrids of the numerous modifiers 


present in the systematic complexes just 
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ing papers). 
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plexes are not made up of units of equal 
value as far as the main trait is concerned, 
but consist of one, or at the most a very 
few major elements that are reinforced 
and supported by numerous minor ones. 
It is significant that the 
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[INTRODUCTION 

Two categories of adaptations are gen- 
erally recognised. Fixed adaptations are 
determined in the individual by innate 
factors independently of its particular en- 
vironmental circumstances. Facultative 
adaptations, sometimes called accommo- 
dations, arise in the individual in response 
to particular environmental circumstances. 
Medawar (1951) well illustrates the dis- 
tinction by comparing the callosities on 
the hands of a gardener, “the response of 
an individual’s tissues to irritation,” with 
the thickening on the soles of the garden- 
er’s feet, “the response of a genetically 
diverse population to factors which, by 
promoting the survival of some variant 
forms rather than others, allot them dif- 
ferent fractions of the ancestry of future 
generations.” 

Facultative adaptations correspond to 
Waddington’s (1953b) category of “exog- 
enous” adaptations. Those fixed adapta- 
tions which resemble facultative adapta- 
tions (as the thickening on the soles of 
the gardener’s feet) form Waddington’s 
The re- 
maining fixed adaptations form Wadding- 


“pseudoexogenous” category. 


ton’s “endogenous” category. 


\ capacity to form callosities is a gen- 


eral property of terrestrial vertebrate 
skin. Stated in an alternative form verte- 
brate skin possesses a callosity forming 


competence. The realisation of the cal- 
losity forming competence of the palms 
of the gardener’s hands is induced by the 
pressure and friction of the spade which 
The 


losity forming competence of the soles of 


he handles. realisation of the cal- 


the gardener’s feet is due to some induc- 
tive element in the pedal morphogenetic 
held of the embryo. Stated thus the con- 


_—— 
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trast is less striking. The capacity to 
form a cornea is another competence of 
vertebrate skin. That any external fac- 
tor should directly induce realisation of 
this competence would have no adaptive 
significance; it would not, for example, 
be useful simply that the skin should be 
transparent where light fell upon it with- 
out relation to the underlying photorecep- 
tors. The presence of an eye-cup leads 
to the realisation of the cornea-forming 
competence. This arrangement works 
very well in practice and ensures that the 
cornea develops where and only where it 
is useful. After a certain stage of de- 
velopment this competence is lost. 

There is a type of adaptation which 1s 
sometimes difficult to place. A good ex- 
ample is dermal colour change of amphib- 
jans in response to environmental condi 
tions. The colour of the skin is influ- 
enced by external conditions. Darkening 
under one set of conditions, paling under 
another set might be regarded as faculta- 
These changes are how- 
normal short term physiological 
changes. The conditions to which ad- 
justment is made vary as normally in the 
life of the individual as night alternates 
with day. The capacity for change should 
in this case be regarded as a fixed adapta- 


tive adaptation. 
ever 


tion. Cases can be imagined in which it 
would be more difficult to make a clear 
decision. 

Waddington discusses a type of faculta- 
tive adaptation which is very poorly un- 
derstood, exemplified by the enlargement 
the 
the other or the thinning of the branchial 


of one kidney following removal of 
epithelium of a tadpole reared in water 
deficient in oxygen. Perhaps this could 
more fruitfully be regarded as an exten- 
sion of embryonic regulation. 
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FEET oF GECKOs 

A rather clear example of a new adap- 
tation which involves the development of 
a new competence is furnished by cer- 
tain lizards. It is well known that many 
geckos have pads on the digits which aid 
in climbing. These pads consist of one 
or usually more scales the epidermis of 
which is produced into fine hairs like the 
pile of velvet (figured in this journal by 
Hecht, 1951). Mahendra (1941) has 
convincingly shown that these hairs aid 
in climbing by engaging the tiniest irregu- 
larities of the surface. To mention a few 
different examples: in the small geckos 
of the genus Sphaerodactylus (fig. 1, b) 
the pilose digital pad is formed of a single 
terminal scale; in Phyllodacty!us (fig. 1, 
g) the pad consists of two terminal scales ; 
Thecadactylus (fig. 1, f) has a straight 
digit bearing a large pad consisting of 
transverse lamellae from base to tip; 
Hemidactylus (fig. 1, e) has inflected 
digits, the terminal claw-bearing portion 
rising from the proximal pad-bearing por- 
tion. 

Geckos were undoubtedly of scansorial 
habits before they acquired the pilose 
pads. The differentiation of the digital 
squamation undoubtedly took place under 
the influence of factors in the digital mor- 
phogenetic field. Moreover the squama- 
tion of the underside of the digits is nearly 
always differentiated from that of the 
upper side. Commencing with an initial 
roughness on the underside of the digits 
the pads could well have arisen by sus- 
favour of successive 


tained selection in 


small “improvements.”’ A genetic change 
which produced general roughening of 


the scales, those on the underside of the 


digits included, might be favoured. How- 
ever this could involve unfavourable side 


effects in other parts of the body. Rough- 
ness enhanced or developed under the in- 
fluence of factors responsible for the dif- 
ferentiation of the ventral digital squa- 
mation would probably therefore be more 


Since differentiation of the 


favoured. 
ventral digital squamation already oc- 
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curred there would probably not be need 
for the appearance of a new inductive 
factor, a new embryonic tissue response 
would suffice. The pads first developed 
involved certain particular scales. 

This pad-forming competence is now 
obviously no longer limited to certain 
scales or a certain form of digit; present 
day geckos show a host of varieties of 
pads involving many different scales and 
in association with digits of a variety of 
forms. In whatever detailed manner it 
may have arisen in the first place the pad 
forming competence has become a gen- 
eral property of the embryonic dermis. 
There is some element in the digital mor- 
phogenetic field which acts as inductor. 
This is shown even more strikingly when 
we consider the genus Lygodactylus (fig. 
1,h). The geckos of this genus have feet 
similar to those of Hemidactylus but they 
also have several scales on the underside 
of the tip of the tail modified to form a 
small pilose pad (Loveridge, 1947). To 
argue that this caudal pad appeared de 
novo without relation to the prior ex- 
istence of digital pads would be uncon- 
vincing in the extreme. The evolution 
of the caudal pad depended on the de- 
velopment of a suitable inductor in the 
caudal morphogenetic field acting in con- 
junction with the already existent com- 
petence. 


CALLOSITIES OF TETRAPOD FEE1 


To return to the subject of callosities 
let us suppose that, as one of their adap 
tations to life on land, the 
pods developed thickenings of the soles of 


7 auiee 
tne. 


earliest tetr 


their feet (as the extremities of 


limbs were then becoming). This would 
represent a new adaptation arising in re 
lation to the pressure and friction to which 
the extremities of their limbs were sul 
jected. It would evolve as a fixed adap 
tive feature under the influence of natural 
The exact details of the epi- 
dermal thickening would bear a particular 
relation to the particular structure and 
habits of the stock of 


selection. 


organisms con- 
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cerned. The genetical basis of a new 
competence would have been synthesised ; 
its realisation would be the 
Such a particular epi- 


the areas of 
soles of the feet. 
dermal thickening would be a fixed adap- 
tive feature. The competence once estab- 
lished, other fixed callosities might be 
evolved in other parts of the body as the 
occasion arose (due to acquisition of new 
habits) by the evolution under the in- 
cidence of natural selection of new areas 
of induction. The capacity of the in- 
dividual to form callosities facultatively in 
response to local pressure and friction 
might also arise on this foundation. It 
would require firstly that the callosity 
forming competence should not be lost 
during embryonic life. It would require 
secondly that the organism should ac- 
realise the com- 
pressure 
other 


quire the capacity to 
stimulus of 
should, in 


petence under the 
and friction—that it 
words, become responsive to a second in- 
ductive stimulus. The retention of an 
embryonic competence into adult life 1s 
not difficult to credit. We have a re- 
markable example of the retention of em- 
bryonic competence in the capacity of 
many lizards to regenerate a broken tail; 
sometimes the new member is scarcely 
distinguishable from an original. Paral- 
lels can also be found to the development 
of responsiveness to a second inductive 
stimulus. Perforation of the operculum 
of certain tadpoles may be effected either 
in response to the pressure of the growing 
forelimb or in the presence of the prod- 
ucts of autolysis of the internal gills. Such 
a capacity for facultative adaptation as 
the production of callosities in response 
to friction is clearly a useful feature and 
it is not surprising that it is general in 
terrestrial vertebrates. 


SPECIAL CALLOSITIES OF THE OSTRICH 


In the case of the ostrich discussed by 
Waddington (1942, 1953b) we see, with 
the acquisition of a new habit, the de- 
velopment of new fixed callosities on the 
underside of the body. There is in the 
embryo a new area of induction of callosi- 
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ties. This development of fixed callosi- 
ties in a new part of the body is com- 
parable to the development in Lygodacty- 
lus of a pad on the end of the tail. 

The fact that the individual ostriches 
are capable of facultative formation of 
callosities gives the impression that there 
has been genetic fixation of an acquired 
character. The circumstances which lead 
in ontogeny to the formation of callosities 
lead separately in phylogeny to the estab- 
lishment of a new field of induction in the 
embryo, when they persist over many gen- 
erations. Waddington sketches a possi- 
ble history of the early ostriches (1953b). 
In his stock at a stage shortly before an 
embryonic inductor has taken over the 
function of setting off the development of 
callosities we have ostriches with skin so 
responsive to external pressure and the 
development of callosities so canalised 
that a slight amount of pressure is all that 
is needed to set off full development of 
callosities. It may be pointed out that 
such “hypersensitive” ostriches would be 
liable to develop callosities, with little or 
no adaptive value, in all sorts of places, 
convenient or inconvenient, in 
to the odd knocks and bruises of daily 
life. Waddington finally suggests that a 
gene mutation may occur such that some 
suitable part of the embryo takes over the 
external pres- 


response 


function of the 
necessary in the 


inductive 
sure. If it be 
invoke a change of genotype to establish 
the suitable embryonic inductor then it 
may surely be invoked in the first place 
from _ the 


end to 


and thus save the ostriches 
hazards of “hypersensitization” and, pre- 
sumably, from the necessity for ““desensi- 
tization” after genetic fixation. Such em- 
bryonic inductors had been calling forth 
thickening of the soles of tetrapod feet for 
millions of before the 


of ostriches and they no doubt still thicken 


years appearance 


the soles of ostriches’ feet. 


SHELL ForM oF LYMNAEA 


Waddington cites the example of snails 
of the Lymnaea peregra group in which 
forms are found with the spire of the 
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shell reduced (the so-called involute 
forms). “When they are bred in hard 


water, many of the races [with reduced 
spires| revert to normal, but in some of 
them the involute character is persistent 
and must have been gentically assimi- 
lated.”” It is assumed that the involute 
character has adaptive significance, that 
there is a saving of lime. There are, 
however, many acid waters in which in- 
volute forms have not been recorded. 
From the facts of distribution it might 
equally well be argued that the faculta- 
tive involution has been derived from the 
fixed condition. There are three named 
subspecies in which the involute condi- 
tion is fixed. They have a very broken 
distribution occurring in a total of five 
small areas in Ireland and Scotland. The 
phenotypically involute forms have a 
much wider and more continuous distri- 
bution in Ireland and Scotland. Broken 
distribution patterns are characteristic of 
old relict stocks. Continuous distribu- 
tion patterns are characteristic of younger 
expanding stocks. 
FROM FIxED To FACULTA- 
TIVE CONDITION 


TRANSITION 


If a species have an extensive range 
there may well be areas within the total 
range in which the “standard” form is 
less well adapted to the environment than 
in general. In such circumstances natural 
selection might operate in some of the 
special areas so to modify the genotypes 
as to produce individuals better adapted 
to the special conditions. Some of the 
special areas may be too small for natural 
selection to be effective; some may be so 
situated topographically that genetic ex- 
change with the surrounding population 
swamps any tendency to synthesis of a 
special genotype. Let us consider a 
“special area” stock in which a fixed 
adaptive feature has arisen. It is not 


inconceivable that the appropriate phase 
of development of the feature should be- 
come sensitive to the conditions to which 
it is adaptive. 


This would of course in- 
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volve further modification of the genotype. 
Such a genotype would determine an in- 
dividual capable of facultative adaptation 
to the particular circumstances of its up- 
bringing. On a long term view, par- 
ticularly with changing topographic con- 
ditions, such a genotype might be ex- 
pected to have a selective advantage. 
Such a genotype could do the work of 
the “standard” genotype plus the special 
genotypes synthesised in the special areas. 
Such a genotype would also determine in- 
dividuals which would grow up well 
adapted to the conditions in those special 
areas in which special genotypes had not 
The population of in- 
a genotype 


been synthesised. 
dividuals determined by such 
would also be able to keep pace with rapid 
changes of topography and would prob- 
ably be able to colonise new areas with 
greater facility. In a transitional phase 
we might expect to find surviving in some 
of the older and more stable special areas 
populations showing the genetically fixed 
adaptive character, each different in de- 
tail because independently synthesised. 
Surrounding the pockets we might ex- 
pect to find the expanding population of 
individuals capable of facultative adap- 
tation, especially in the topographically 
complex or unstable areas. The situation 
in Lymnaea peregra might well be in- 
terpreted in this way; the stocks in which 
the involute condition is fixed do differ 
from one another in detail. The distribu- 
ion of high-spired populations which are 
capable of facultative involution is highly 
relevant to the interpretation of this case ; 
on this there appears to be no informa- 
tion. 


PIGMENTATION OF HUMAN SKIN 


Pigmentation of human skin is an in- 
teresting adaptive feature which falls in 
both fixed and facultative categories. 
3oyd (1950) suggests that brown pig- 
mentation of the skin was an early human 
characteristic later reduced in Europe. 
The generally heavy pigmentation of other 
Primates seems to confirm this. The 
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a) Fourth toe of Coleonyx variegatus (Bi Primitively padless. 

b) Fourth toe of Sphaerodactylus parkeri Grant. Terminal pad confined to single scale. 

c) Fourth toe of Aristelliger pra Hallowell). Pad of undivided transverse lamellae. 

1) Fourth toe of H miphyl f is irantiacu Beddome). (Redrawn after Bou- 
lenger.) Pad of undivided an ed lamella 

e) Fourth toe of Hemidaetylus mabouia (Moreau de Jonnes). Pad of divided lan 1ellae 

f) Fourth toe of Thecadactylus rapicauda (Houttuyn). Pad extending length of digit, of 
paired transverse lamellae 

g) Fourth toe of Phyllodactylus tuberculosus Wiegmann. (Redrawn after Burt.) Termi- 
nal pad of two scales 


Underside of end of tail of Lygodactvylus 
of paired 
1) Fourth toe of 


originally similar to that of Aristelliger 


h) 
transverse scales. 


Gonatodes humeralts 


proximal digital scales retained. 


Fourth toe of Gonatodes fuscu. 


1 
S( ais, 


melanin forming power of vertebrates 1s 
no doubt very much older than vertebrates 
themselves. Throughout the vertebrate 
series innate factors call forth formation 
of melanin. The power of forming mel- 
anin is commonly retained throughout 
life : adult bird mammal 
moults the new feathers or hairs are pig- 


when an or 
of 
in to 


Perhaps we have 


mented. The fair-skinned members 
mankind form melanin 


ultra-violet irradiation. 


response 


prcturatus. | 


( Guichenot). 


( Hallowell). 


Redrawn after Loveridge.) Pad 


Pilose pad lost from a digit perhaps 


Inflection of digit and marked enlargement of 


Further regression of proximal digital 


here in to 
external stimulus of a competence hitherto 
called forth only by internal genetically 
determined factors. It remains possible 
owever that loss of fixed pigmentation 


the realisation response an 


“unmasked” a latent capacity to produce 
melanin under the influence of ultra-violet 
light. In the Himalayan (acromelanic) 
rabbit we have a most interesting case of 
realisation of melanin forming competence 


in response to an external stimulus, in 
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this case low temperature. Pigment de- 
velops only in the extremities in which 
the temperature is below the general body 
temperature. If the hair be shaved off 
a part of the body and the rabbit kept in 
cold surroundings thus cooling the hair- 
less part, pigmented hair replaces the 
white hair shaved off. In a stock in 
which the production of melanin has been 
dependent on innate factors there have 
appeared individuals in which its produc- 
tion is capable of being evoked by ex- 
ternal circumstances. These individuals 
appeared under experimental conditions. 
As it stands the response of the Hima- 
layan rabbit to external circumstances 
has no adaptive value. Such a mutant 
may provide the sort of “raw material” 
from which a capacity for response of 
adaptive value could be synthesised on the 
foundation of a competence hitherto rea- 
lised in response to innate factors. 


CANALISING SELECTION AND GENETIC 
ASSIMILATION 

Established in a particular niche inef- 
ficiency in other modes of life and the 
occupation of adjacent niches by other 
forms will tend to maintain the perfection 
of adaptation of the form concerned. I[n- 
dividuals in which mutant genes find del- 
eterious expression will be subject to 
adverse natural selection. The elimina- 
tion of such an individual will mean not 
merely the elimination of the gene but the 
elimination of an individual genotype on 
which, as background, the gene in ques- 
tion found deleterious expression. If the 
gene in question occur at all commonly, 
due to frequent mutation, the selection 
against the genetic backgrounds on which 
the gene finds deleterious expression may 
be more telling than selection against the 


gene itself. 

Further, our organism established in 
a particular niche will not be living in 
perfectly uniform conditions. 
the deviations from the optimum condi- 
tions will so influence the course of de- 
velopment of certain individuals as to 


Some of 
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produce adaptively inferior phenotypes. 
Selective elimination of the inferior 
phenotypes will mean elimination of a 
genotype which determined an individual 
susceptible during development to deviant 
environmental conditions. There will, 
over a long period, be sustained selection 
against genotypes which are liable to de- 
termine aberrant phenotypes within the 
commonly encountered range of environ- 
mental conditions. Such would appear 
to be the manner of Waddington’s canalis- 
ing selection. 

Criticism of Waddington’s choice of 
examples is not meant to imply criticism 
of the reasoning on which his theory is 
founded. In his experiments with Droso- 
phila (1952a) the “hypothesis was tested 
and shown to operate as _ expected.” 
Waddington (1953c) argues “that natu- 
ral selection for the ability to produce an 
adaptive phenotype” in response to en- 
vironmental circumstances “would change 
the genotypes in such a way as to en- 
courage the appearance of genetically con- 
trolled variants mimicking the adaptive 
type.” If I construe his meaning cor- 
rectly then it would be more clearly ex- 
pressed by stating that such selection 
would so change the genotypes as to in- 
crease the likelihood that some of such 
genetic variants as appeared would mimic 
the adaptive type. I do however find 
it difficult to believe on present evidence 
that Waddington’s laboratory conditions 
are often enough approached in the field 
for the phenomenon of genetic assimila- 
tion to have much practical evolutionary 
importance. 

Let us consider the Drosophila experi- 
ments. Exposure to a temperature of 
40° C. at 17-23 hours after pupation pre- 
sumably lies outside the likely experience 
of developing Drosophila. When pupae 
were exposed to these circumstances num 
bers of deviations from the normal pheno- 
type were obtained, of which phenocopies 
of “crossveinless,” “dumpy” and “minia- 
ture” are mentioned. That the normal 
development of crossveins can be buffered 
against temperature shock is proved by 
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the great reduction in the incidence of 
crossveinless phenocopies in the “down- 
ward” selection line. In the “upward” 
selection line the development of cross- 
veins became so unstable that some cross- 
veinless individuals appeared without tem- 
perature shock. The incidence was fur- 
ther increased by selection without further 
temperature shocks. Synthesis of such a 
polygenic crossveinless stock would pre- 
sumably be theoretically possible with- 
out temperature shock. The temperature 
shock treatment makes it practically pos- 
sible to achieve this by making evident 
those flies in which development of cross- 
veins is initially less effectively buffered. 
Waddington points out that there ts 
“no reason to believe that the phenocopy 
would in nature have any adaptive value, 
but the point at issue is whether it would 
be eventually genetically assimilated if it 
were favoured by selection.” It is difficult 
to see how any modification of the adult 
phenotype could adapt the individual to 
a temperature shock which it had under- 
gone as a pupa. [If it influenced the kind 
of eggs laid (in which case the environ- 
ment would effectively operate only on 
females) it could adapt the next genera- 
tion. It is possible that some modifica- 
tion of the phenotype producible under 
abnormal conditions could have adaptive 
value under normal conditions. Without 
initial deviation from normal conditions 
to reveal those individuals “leaning” in 
the direction of the adaptive modification 
natural selection would wait on an ex- 
ceedingly unlikely chance congregation of 
genes to produce individuals showing the 
modification under normal conditions. 
[t is however entirely conceivable that 
a sustained deviation (in contrast to a 
shock deviation) from standard condi- 
tions could produce a phenotypic modi- 
fication of adaptive value. If the deviant 
persisted then  canalisation 
advantageous but assimilation 
unnecessary. If the standard 
remained better adapted to 
conditions then assimilation 
disadvantageous if conditions 


conditions 
would be 
would be 
phenotype 
standard 
would be 


fluctuated. If in fluctuating conditions 
intermediate degrees of modification were 
adaptive to intermediate environmental 
conditions then canalisation would be 
disadvantageous. Adaptive phenotypic 
modification in response to environmental 
conditions takes time. Canalisation re- 
duces this time, but cannot abolish the 
gap. There will therefore remain a gap 
of time during which the organism is not 
adaptively modified, genetic assimilation 
can abolish this gap. 

How often are conditions realised in 
the field in which we might expect genetic 
assimilation to 
value? Sustained sudden changes in con- 
ditions (not brought about by human in- 
terference ) very rare. When 
they do occur it is unlikely that the pheno- 
typic modifications which they produce 
will have adaptive value. (This unlikeli- 
hood need not worry us too much, many 


have positive selective 


must be 


individually unlikely events have hap- 
pened in the course of geological time. ) 
However, 
value and genetic assimilation occur. 
Gradual long term changes in condi- 
tions probably take place all the time. It 
is difficult to see how the clean cut change 


occasionally, they may have 


of phenotype effected by canalisation can 
bear an adaptive relation to changes so 
gradual as to be imperceptible in an in- 
dividual lifetime. Superimposed on long 
term changes are short term fluctuations, 
daily, seasonal and less frequent. Where 
development is canalised along two al- 
ternative pathways organisms born in 
winter (let us say) will differ sharply 
from those born in summer. 

In the case of such organisms which 
live for several years it is difficult to be- 
lieve that the existence of two phenotypes 
side by side will have adaptive value. In 
the case of animals with short generations 
like Drosophila there will be the inter- 
mediate seasons of spring and autumn 
when a mixture of summer and winter 
phenotypes is produced instead of inter- 
mediate phenotypes. If an organism 
have two generations per annum then one 
generation will complete its life span 
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under conditions differing distinctly from 
those experienced by the next generation. 
Then canalisation along two alternative 
developmental pathways might well be 
advantageous. It is interesting therefore 
to find that wet and dry season forms are 
well known in tropical butterflies. Unless 
however there were a one year life span 
and two separate breeding seasons (1.e. 
two separate sympatric breeding popula- 
tions) genetic assimilation would be de- 
cidedly disadvantageous. 

Some organisms live partly in one 
medium, partly in another, for example 
some water plants. Canalisation of de- 
velopment of parts such as the leaves 
along two pathways dependent on exter- 
nal circumstances is sometimes of adap- 
tive value. If there arose from such a 
stock a form living in only one medium 
then genetic assimilation of the appro- 
priate phenotype would be advantageous. 
Such phenomena, if they occur at all 
could account for only a minute propor- 
tion of the total of evolutionary change. 

Whilst sustained sudden changes in 
conditions are probably very rare sharp 
boundaries between areas in which there 
is a sustained difference of ecological con- 
ditions are common. For example there 
may be a sharp contrast between the wet 
and the dry sides of mountains which 
stand athwart the trade winds. There is 
in Jamaica a sharp transition from al- 
luvial plains country to dry scrub forest 
on the limestone hills. If the total range 
of an organism extend across such ,a 
boundary the same type is not likely to 
be equally well adapted to both sets of 
conditions. As explained above in dis- 
cussing Lymnaea two way canalisation 
of development responsive to external cir- 
cumstances might well be advantageous. 
Given fairly uniform conditions on either 
side of the boundary line environmental 
control of the phenotype would have posi- 
tive value only near the boundary where 
population exchange between the areas is 
likely. The appropriate phenotype might 
well be genetically assimilated in either 
or both of the populations. The two dif- 
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ferent genetically assimilated stocks would 
probably differ fairly simply in genetical 
terms. Hybridisation would occur along 
the boundary. If adaptively intermediate 
types were produced there would be no 
place for them in the absence of an in- 
termediate zone. The hybrids might also 
be ill regulated and genetically unbal- 
anced. Either of these circumstances 
would put a premium on the development 
of an isolating mechanism. This would 
represent isolation between contiguous 
populations, what Mayr (1942) calls 
semi-geographic speciation. Such a pos- 
sible situation, conceived by devious rea- 
soning, would not be easy to recognise in 
the field. 

It is suggested that we should dis- 
tinguish as primary fixed adaptations 
those which we believe to have arisen as 
such, and as secondary fixed adaptations 
those which have arisen by fixation of a 
facultative adaptation. Similarly we may 
distinguish primary facultative adaptations 
which we believe to have arisen as such 
and secondary facultative adaptations 
which have arisen from fixed adaptations. 


Mopes or ADAPTATION 


Several modes of adaptation may be 
distinguished. These descriptive cate- 
gories grade into one another but their 
recognition is useful. Several of them 
may be illustrated by reference to the 
pilose dermal pads of geckos cited above. 


1) Adaptation by creation of a new 
feature 

This may occur at the biochemical, 
morphological or psychological levels. 
Lizards undoubtedly are primitively of 
terrestrial habits with simple clawed dig- 
its. We see this condition in the Euble- 
pharid geckos (e.g. Coleonyx, fig. 1 a). 
Adaptation to scansorial habits in geckos 
involved the development of the remark- 
able pilose friction pads on certain scales 
on the underside of the digits. This de- 
velopment evidently required the syn- 
thesis of a new “aspect” of the genotype 
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in balanced relationship with the other 
already existent aspects related to estab- 
lished features. This must be the rarest 
type of adaptive change. Adaptations in 
this category characterise generic and 
higher taxonomic groups. 

Some of these adaptations must arise 
by one of Simpson’s quantum steps. 
Simpson (1944) discusses the manner of 
quantum evolution at some length. He 
discusses the shift of some horses from a 
browsing adaptive peak to a grazing adap- 
tive peak. The browsing horses presuma- 
bly lived in forest, grazing horses live in 
grassland. The figurative shift from 
browsing peak to grazing peak must have 
involved some actual geographical shift. 
Special geographical conditions may be 
important in such a shift. In a forest 
here is no grass on which to graze, there 
is therefore no unoccupied grazing peak. 
In grassland there are no trees on which 
to browse, there is conversely therefore 
no browsing peak. In special geographi 
cal circumstances we may have a forest 
horses adjacent to 
savannah country in which there are no 


large grazing mammals. In such circum 


occupied by browsing 


~ 


stances the savannah will offer a con- 
siderable evolutionary opportunity to the 
large herbivores of the forest. The 
greater the number of herbivores already 
occupying the grassland the smaller would 
be the evolutionary opportunity for horses 
and the lower the height of the by-hors« 
unoccupied grazing peak. The oppor 
tunity to supplement their diet with grass 
would be open to the horses on the forest 
margin. Full adaptation to grazing un- 
doubtedly involves many factors. It 
might however start with a difference no 
greater than distinguishes related species 
within a genus. Let us suppose that an 
interspecific barrier crystallise between 
two populations of browsing horses which 
meet in a continuous forest area. 
Following Gause’s principle both popu- 
lations will not live side by side as eco- 
logical equivalents. We would therefore 
expect an ecological shift if they overlap. 
Thus might arise from a population of 


ad 
~~“ 
w 


browsing horses a population which, 
whilst preserving the general anatomical 
features of browsers, tended towards 
grass eating in their habits. In the spe- 
cial circumstances envisaged this would 
be possible because of the lack of any 
established grazers in the niche. A 
parallel to this can be cited from per- 
sonal experience of Indian species of the 
genus Hemidactylus (Underwood, 1948). 
Hemidactylus triedrus (Daudin) and H. 
leschenaultt (Dumeril & Bibron) were 
both found abroad at night on the west 
side of the Deccan plateau, triedrus was 
found only on the ground in rocky grass- 
land, /eschenaultt was found only on trees. 
I do not believe that examination of pre- 
served specimens could give any indica- 
tion of the different habits. H. triedrus 
looks like a scansorial gecko. The only 
other species of gecko found with triedrus 
was another and much smaller species of 
the same genus, H. gracilis Blanford. 

Horses once in the grass eating niche, 
however imperfectly adapted thereto, 
would with expanding population become 
subject to the incidence of selection pres- 
sure in a new direction. Lack of other 
grazers would preserve them from ex- 
termination due to interspecific competi- 
tion and permit the building of the new 
adaptive type under the influence of in- 
trapopulation competition. The lack of 
outside competition might permit rapid 
“rough hewing’” of the new genotype 
without pause for adjustment of the op- 
timum genetic balance. In these circum- 
stances the advantage of a shift towards 
the new adaptive type could outweigh the 
disadvantage of a certain measure of 
genetic disequilibrium. Once the new 
stock makes a near approach to perfection 
of the new adaptive type then intrapopu- 
lational competition will again set a high 
premium on genetic equilibrium. 

The trees of the forest offer an oppor- 
tunity to geckos showing scansorial adap- 
tive features. Such animals are prob- 
ably at some disadvantage on the forest 
floor, the pilose pads may be clogged by 
mud. The one territory offers scansorial 
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and terrestrial adaptive peaks to noc- 
turnal sight feeding lizards. There is 
some reason to believe that the shift from 
scansorial to terrestrial habits is more 
likely to occur when the scansorial peak 
is occupied by a number of genera. 

In the Greater Antillean islands of 
Jamaica and Hispaniola there is but one 
genus of nocturnal scansorial gecko, 
Aristelliger. (Sphaerodactylus and Gona- 
todes, of intermediate habits with respect 
to daylight, are not being considered). 
In these islands there is no corresponding 
terrestrial form. There are on the South 
American mainland (not counting some 
relatives of Sphaerodactylus) five genera 
of pad-bearing geckos and three genera 
of padless terrestrial forms. In the com- 
parison between the insular and mainland 
geckos the time factor can also be reason- 
ably ruled out. Aristelliger belongs to 
old stock showing a relict distribution in 
the Antilles, nowhere overlapping a con- 
tinental genus. It has no pad bearing 
relative surviving on the mainland, it 
must therefore be older than the present 
stock of pad-bearing geckos on the main- 
land. It would be interesting to know if 
zoogeographic evidence from other groups 
supports the generalisation that shift from 
one adaptive peak to another is more 
likely the more forms occupy the first 


peak. 


2) Adaptation by modification of existent 
features 


This mode of adaptation may range 
from a trivial level to a level at which it 
grades into the first category. Some 
geckos have digits the proximal portion 
of which is expanded to form a pad con- 
sisting of transverse lamellae and the dis- 
tal two or three phalanges of which rise 
from the pad and bear a claw opposed to 
the free edges of the lamellae. In many 


of these geckos the transverse lamellae 
are single (e.g. Artstelliger, fig. 1, c). 
In some the distal lamellae are divided 
(e.g. Hemiphyllodactylus, fig. 1, d). In 
others all the lamellae are divided except 
the terminal (e.g. Hemidactylus, fig. 1, 
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e). These seemingly trivial differences 
are important in the recognition of genera 
and probably have adaptive significance. 
None of the genera with all the lamellae 
undivided has a wide distribution. In 
some geckos the digit is more or less 
straight and a large pad extends to the 
tip (e.g. Thecadactylus, fig. 1, f), this 
modification has involved an increase in 
the area of the pad. Conversely in others 
the pad is restricted to the digital ex- 
tremities (e.g. Phyllodactylus, fig. 1, g). 


This must be the commonest mode 
of adaptation. Fixed adaptations in 
this category distinguish lower taxo- 


nomic categories including species and 
subspecies. Facultative adaptations of 
this kind are common and may distinguish 
populations and individuals. The evolu- 
tion of fixed adaptations in this fashion 
presumably involves balanced modifica- 
tion of the genotype. 


3) Adaptation by extension of an existent 
feature to a new field 

The case of Lygodactylus comes in this 
category; a feature of the digits is ex- 
tended to the underside of the tip of the 
tail (fig. 1, h). It should be mentioned 
that there is no evidence that pilose 
dermal pads in geckos can arise in re- 
sponse to friction or pressure. A speci- 
men of Sphaerodactylus argus dacnicolor 
Barbour with one abnormally short digit 
shows the tip fully differentiated with 
claw, sheathing scales and pad. Numbers 
of specimens of S. argus argus Gosse with 
portions of the digits missing show no 
tendency to development of hairs on the 
scale at the tip of the stump. 

It seems possible that biochemical adap- 
tations in this category occur. An enzyme 
system functioning in relation to one 
physiological process may sometimes be 
capable of useful extension to other proc- 
esses. 

These adaptations are 
rarest. This is not because they are “dif- 
ficult” to achieve as in the case of the 
first category but because the circum- 


probably the 
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stances in which they may be useful are 
less common. The mechanism of their 
evolution is discussed above. 


4) Adaptation by simplification 


Evidence is presented elsewhere that 
the spectacled geckos are primarily scan- 
sorial pad-bearing forms. (Underwood, 
in press). These spectacled geckos now 
include many padless terrestrial forms 
(28 genera out of 74). Undoubtedly 
there have been a number of independent 
reversions to terrestrial habits with loss 
of the digital pads. Some have evidently 
been derived from forms with inflected 
digits like Hemidactylus and we _ see 
stages in the reversion to a simple digital 
squamation (e.g. Gonatodes, fig. 1, 1 and 
j) whilst the inflection is retained. In 
others the regression is SO complete that 
no indication of the former condition re- 
mains; just as examination of a Colubrid 
snake would give no indication that its 
ancestors possessed limbs. 

Loss of features in this fashion is un- 
doubtedly under positive selective con- 
distinguished from 
simplification 


trol and is to be 
degeneration. The 
seems more appropriate for adaptive re- 


The term degeneration may be 


term 


duction. 
reserved for loss of precise determina- 
tion of a feature with resultant variability 
of no adaptive significance. The reduc- 
tion in the size of the eye of a burrowing 
animal such as an Amphisbaenid is prob- 
ably of adaptive significance, the pres- 
ence or absence of lens, scleral ossicles 
and cartilage, the condition of the ciliary 
body and the degree of differentiation of 
the retina can scarcely have adaptive sig- 
nificance in an eye which no longer func- 
tions as an organ of vision. 

Loss of a feature means simplification 
of the pattern of ontogeny and, presuma- 
bly, simplification of the selective pres- 
sure on the genotype also. The loss can- 
not occur instantaneously for the sim- 
plification must be balanced. Balanced 
simplification however can surely occur 
more readily than balanced elaboration 
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for simplification releases genetic varia- 
bility. In the case of geckos reversion to 
terrestrial habits with loss of the pads is 
probably accomplished in a quantum step. 
The intermediate forms would be at a 
disadvantage on trees in competition with 
their immediate ancestors and would be 
at a disadvantage on soil owing to clog- 
ging of the pads. 


ECOLOGICAL CATEGORIES 


[It seems worthwhile to classify adapta- 
tions from an ecological standpoint. 


1) Subdivision of existing niche 


This involves the least profound adap- 
tive modification. It very commonly oc- 
curs when a sibling pair of species grad- 
uates from an allopatric to a sympatric 
relationship. As Lack (1949) points out 
it is commonly found that closely related 
pairs of bird species are of different sizes. 
It does not seem probable that a niche 
is exactly subdivided. This would re- 
quire that the part played in the biological 
economy by the two forms together would 
be the same as the one parent form origi- 
nally. This category of adaptive modif- 
cations probably therefore grades into the 
next. 


2) Shift into a new niche 


This category of adaptive modification 
may involve something no more tangible 
than a difference of habits or it may 1n- 
volve creation of a new adaptive feature. 
At lower levels it may be occasioned by 
competitive relationships between closely 
related species. On the other hand it 
may form the basis for a new radiation 
of species and thus grade into the next 


category. 


3) Shift into a new adaptive zone 


Such a change must involve the crea- 
tion of new features. Entry into a new 
zone is likely to open a number of op- 
portunities. Diversification and occupa- 
tion of new niches leads to the establish- 


ment of new generic and higher taxonomic 
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categories. The rank likely to be ac- 
corded to such suprageneric units varies 
from one phylum to another. Also rele- 
vant are degree of morphological differ- 
ence and diversity and number of species. 


4) Adaptations which permit widening 
of the niche occupied 


These adaptations include “general im- 
provements.” I personally find it easier 
to believe that such an elaborate “im- 
provement” as the system of temperature 
regulation of Eutherian mammals has 
been built up from a sequence of specific 
adaptive modifications, rather than to be- 
lieve that there is such an evolutionary 
process as “general improvement.” 

A gecko with a very sensitive pure rod 
retina protected by a mobile pupil closing 
to a vertical slit is highly adapted to feed- 
ing by sight in dim lighting conditions. 
Now the majority of geckos have three 
lobes each on the anterior and posterior 
pupillary margins. These lobes so over- 
lap when the pupil is closed as to leave 
four pinholes (Walls, 1942, gives an ac- 
count). Such a pupil controls the amount 
of light entering the eye over a tremend- 
ous range and a gecko which can see to 
feed by moonlight can make dashes into 
direct sunlight to catch insects. This ad- 
ditional modification of what originally 
represented an extreme adaptation to dim 
lighting makes it possible for the geckos 
concerned to feed over a wider range of 
light intensities than any other lizards. 
Out of an extreme adaptation has arisen 
a “general improvement.” 

Perhaps the capacity to generate suf- 
ficient internal heat to maintain a body 
temperature above that of the surround- 
ings represented originally in mammals 
an adaptation for the maintenance of noc- 
turnal activity. (The nocturnal poikilo- 
thermous geckos are confined to warm 
countries.) The generation of internal 
heat carries with it the danger of over- 
heating in the daytime, especially in the 
sunshine. The development of sweat 


glands making possible dissipation of ex- 
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cess heat allows of widening of the period 
of activity. The consequently more con- 
stant internal environment incidentally al- 
lows of more delicate physiological regu- 
lation. 


5) Narrowing of adaptation to a niche 
already occupted 

This kind of adaptation consists of an 
increase in specialisation. There are per- 
haps two categories of specialisation. 

We may imagine a form confirmed in a 
certain mode of life in which intrapopula- 
tion competition sets a premium on close- 
ness of correspondence between struc- 
ture, function and habits. The occupa- 
tion of adjacent niches by other forms 
would probably further discourage “devi- 
ation.” Such a specialisation is positive 
and directional. 

The specialisation of an organism 
closely adapted to a constant environment 
may represent a second category. The 
value of sexual reproduction in making 
possible the maintenance of a reservoir 
of genetic variability has often been 
stressed. Such a reservoir of genetic 
variability allows of adjustment to vary- 
ing environmental conditions from one 
generation to another. If an organism 
live in a constant environment there 
ceases to be the same high premium on 
genetic variability. There ceases also to 
be the same premium on buffering of de- 
velopment against variations of external 
conditions. Environmental circumstances 
make simpler “demands” on the organ- 
ism, the pressure of natural selection on 
the genotype is simplified. Thus we find 
that tapeworms are notoriously difficult 
to culture im vitro because they can toler- 
ate only a very narrow range of condi- 
tions. Similarly tapeworms are regu- 
larly self fertilising, although they can 
cross fertilise when the opportunity offers. 
The specialisation of the tapeworm is 
only in part positive. The intolerance of 
variation of environmental conditions is 
perhaps the negative result of a process 
of genetic simplification. 

















CATEGORIES OF 


SUMMARY 


Fixed adaptations determined by innate 
factors are distinguished from facultative 
adaptations which arise in the individual 
in response to particular circumstances. 

Pilose dermal found on the feet 
the tip of the 
Callosities found 
most tetrapods occur on 
he underside of the 


pads 
of most geckos occur on 
tail of Lygodactylus. 
on the feet of 
t] body of ostriches. 
In both cases there has arisen a new area 
of induction of an already existent adap- 
tive feature. 

It is suggested that in the case of some 
adaptations, such as the capacity of tetra- 
pods to 
arisen from the 


4 7 4 7 
lacuitation has 


fixed condition. 


form callosities. 


rour modes o! adaptation are sug- 


gested: adaptation by (a) creation of new 
} 


features, (b) modification of existing fea- 


tures, (c) extension of existing teatures 


to a new field, (d) simplification of ex- 
isting features These are illustrated by 
reference to the pilose dermal pads of 
ec cOS,. 
Five ecological categories of adaptive 
af i ns 
( ng e distinguis ed (a) SuDddi1v1sion 
ot xisting niche, | shift into a new 
nie c) shift inte new adaptive zone. 
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naea pereger and for the benefit of dis- 
cussion of this question. 
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One of the most spectacular facets of 
the newer studies of evolution has been 
the demonstration that evolution has not 
proceeded by slow, even steps but that 
seen in the large there have been bursts 
of creative activity. Some of the evi- 
dence for these bursts is from paleon- 
tology ; Simpson (1953) has recently as- 
sembled a wealth of data concerning them 
and has discussed in detail their possible 
causes. Paleobotanists are equally aware 
of such events as the great upsurge of 
angiosperms in the Cretaceous, and of 
primitive vascular plants in the Devonian 
period. Other evidence for evolutionary 
bursts comes from the existence of large 
clusters of related endemic species and 
genera in the modern fauna and flora of 
certain regions, particularly oceanic 1s- 
lands and fresh water lakes. The snails 
(Achatinellidae) and honey sucker birds 
(Drepanidae) of Hawaii are classical ex- 
amples, as are also the Gammarid crus- 
taceans of Lake Baikal, and the fishes of 
Lakes Tanganyika and Nyasa in Africa, 
and particularly of Lake Lanao in the 
Philippines (see Brooks, 1950 for a sum- 
mary and discussion of the data). It is 
true that some of these examples may 
represent normal rates of evolution oc- 
curring in a restricted area which has 
been isolated for a very long time, but 
there can be little doubt that in the case 
of others evolution has been phenomenally 
rapid. 

As Simpson (1944, 1953) has clearly 
stated, the cause of this rapid evolution 
is to be sought in the organism-environ- 
ment relationship. Along with most 
authors, however, he has tended to em- 
phasize the peculiar environment present 
during these evolutionary bursts, and has 
suggested that one need not postulate 
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any unusual type of population structure 
as a contributing factor. Zimmermann 
(1948) has given a plausible account of 
the environmental factors operating in 
the case of oceanic islands; reduction of 
competition, frequent migration to new 
habitats, and populations repeatedly re- 
duced to a very few individuals, giving 
a maximum opportunity for the operation 
of chance as well as for the rapid action 
of selection. 

To the student of hybridization, how- 
ever, another factor which may have con- 
tributed largely to these evolutionary 
bursts presents itself. Hybridization be- 
tween populations having very different 
genetic systems of adaptation may lead 
to several different results. If the re- 
productive isolation between the popula- 
tions is slight enough so that functional, 
viable and fertile individuals can result 
from segregation in the F,, and later gen- 
erations, then new adaptive systems, 
adapted to new ecological niches, may 
arise relatively quickly in this fashion. 
[f, on the other hand, the populations are 
well isolated from each other so that the 
hybrids between them are largely sterile, 
then one of two things may happen. The 
hybrids may become fertile and geneti- 
stabilized through 
and so become adapted to more or less ex- 
actly intermediate habitats, or they may 
back cross to one or both parents, and so 
modify the adjoining populations of the 
parental species through introgression. 
This latter phenomenon has now been 
abundantly higher 
plants, and several good examples are 
known in animals (see bibliographies in 
Anderson, 1949; Heiser, 1949; Ander- 
son, 1953). By introgressive hybridiza- 
tion elements of an entirely foreign ge- 


cally allopolyploidy, 


documented in the 
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netic adaptive system can be carried over 
into a previously stabilized one, permit- 
ting the rapid reshuffling of varying adap- 
tations and complex modifier systems. 
Natural selection is presented not with 
one or two new alleles but with segregat- 
ing blocks of genic material belonging to 
entirely different adaptive systems. A 
simple analogy will show the compara- 
tive effectiveness of introgression. 

Let us imagine an automobile industry 
in which new cars are produced only by 
copying old cars one part at a time and 
then putting them together on an assem- 
bly line. New models can be produced 
only by changing one part at a time. 
They cannot be produced de novo but 
must be built up from existing assembly 
lines. Imagine one factory producing 
only model “‘T’ Fords and another pro- 
ducing model “T’ Fords and also modern 
station wagons. It will be clear that 1i 
changes could only be brought about by 
using existing assembly lines these would 
have to proceed slowly in the factory 
which had only one assembly line to 
choose from. In the other factory, how- 
ever, an ingenious mechanic, given two 
whole assembly lines to work with, could 
use different systems out of either and 
quickly produce a whole set of new 
models to suit various new needs when 
they arose. 

Just as in the example of the two as 
sembly lines, hybrids between the same 
two species could produce various differ 
ent recombinations, each of which could 
accommodate itself to a different niche. 
When a big fresh water lake was formed 
de novo, hybrids between the same two 
species could rapidly differentiate into 
various new types suitable for the vari- 
ous new niches created in the big new 
lake. A _ technical point of much sig- 
nificance is that each of the various heter- 
ozygous introgressive segments brought 
in by hybridization would (by crossing 
over) be capable of producing increased 
variation generation after generation for 
periods running into whole geological 
eras (Anderson, 1939). The enhanced 


plasticity due to crossing over in intro- 
gressed segments has been shown on 
theoretical grounds to be present for 
many generations. Such studies as those 
of Woodson on Asclepias (1947, 1952), 
of Hall on Juniperus (1952) and of Dan- 
sereau on Cistus (1941) indicate that 
this does actually happen and that intro- 
gressive segments may persist for geo- 
logical periods and produce effects of 
continental magnitude. 

To students of introgressive hybridiza- 
tion it would seem like an excellent work- 
ing hypothesis to suppose that when Lake 
Baikal was formed, and when each new 
island of the Hawaiian archipelago arose 
from the ocean, species belonging to dif- 
ferent faunas and floras were brought to- 
gether and that physical and _ biological 
barrier broken down. 
There were increased chances for hy- 
bridization in an environment full of new 
ecological niches in which some new 


systems were 


recombinations would be at selective ad- 
vantages. There is a growing body of 
experimental data to support such an 
hypothesis. These data fall largely in 
two groups (1) Evolution under domes- 
tication, (2) Evolution in_ disturbed 
habitats. 

(1) For evolution under domestica 
tion the evidence is overwhelming that 
by conscious and unconscious selection, 
man has created forms of plants and ani 
mals which are specifically distinct from 
their wild progenitors. This large body 
of evidence demonstrates that given a 
habitat in which novelties (or at least 
some of them) are at a great selective 
advantage, evolution may proceed very 
rapidly. There is presumptive evidence 
that many of these domesticates origi 
nated through introgression but the proc 
ess began so early that getting exact ex 
perimental evidence for the history of 
any one of them will entail long-con- 
tinued cooperative research (see, how- 
ever, Mangelsdorf and Smith (1949), 
\lava (1952), and Nickerson (1953) 
for evidence that modern Zea is greatly 
different from the maize of five thousand 
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years ago and that much of this differen- 
tiation may well be the result of intro- 
gression from Tripsacum). For some 
ornamentals, domestication is such a re- 
cent event that critical evidence is easier 
to assemble. Anderson (1952) has pre- 
sented in elementary detail the case of 
Tradescantia virginiana. He shows that 
in four hundred years by introgression 
from T. ohiensis and T. subaspera (un- 
consciously encouraged by man) it has 
evolved under cultivation into a variable 
complex quite distinct from T. virginiana 
as a genuinely wild species. 

(2) Evolution in disturbed 
It has been repeatedly shown (Anderson, 
1949; Heiser, 1949; Epling, 1947) that 
species which do not ordinarily produce 
hybrids and backcrosses may readily do 
so when man or any other agent disturbs 
the habitat. This phenomenon was re- 
ferred to as “Hybridization of the Habi- 
tat” by Anderson (1948). After citing 
the work of several authors who have 
emphasized the role of man in promoting 
and creating habitats favorable for the 
perpetuation of hybrids and hybrid de- 
rivatives, he reached the following con- 
clusion (1948, p. 6). “Does this mean 
that introgression as a phenomenon is 
limited to the areas disturbed by man and 
that its results are mere artifacts and not 
genuine natural phenomena? I think not. 
Though freely admitting that nearly all 
the introgression which has been studied 
experimentally (for one exception see 
Dansereau, 1941) is of the nature of an 
artifact, I believe that at particular times, 
and in particular places, introgression 
may have been a general evolutionary fac- 
tor of real importance.” 

The great frequency of hybrid deriva- 
tives in disturbed habitats is only in part 
due to the breaking down of barrier sys- 
tems, allowing previously isolated species 
to cross. It can and does occur when the 
barrier systems are not broken down (see 
for instance Heiser, 1951). Much more 
important is the production of new and 
varying ecological niches; more or less 
open habitats in which some of the almost 


habitats. 
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infinitely various backcrosses and occa- 
sional types resulting directly from seg- 
regation in F, and later generations will 
be at a selective advantage. A particu- 
larly significant example was investigated 
by Anderson (unpublished) who studied 
Salvia apiana and Salvia mellifera in the 
San Gabriel mountains, confirming and 
extending Epling’s (1947) previous stud- 
ies. He found hybrid swarms not in the 
chaparral itself where both of these spe- 
cies are native but adjacent to it in cut- 
over live oaks amidst an abandoned olive 
orchard. In this greatly disturbed area, 
new niches were created for the hybrid 
progeny, which are apparently always 
being produced in the chaparral but at a 
very low frequency. In this strange new 
set of various habitats some of the mon- 
grels were at a greater selective advantage 
and the population of the deserted olive 
orchard was composed of hybrids and 
back-crosses to the virtual exclusion of 
S. apiana and S. melltfera. 

It has been customary to dismiss the 
evidence of introgression under the in- 
fluence of man as relatively unimportant 
to general theories of evolution because 
nothing quite like it had previously oc- 
curred. A little reflection will show that 
this is not so. Man at the moment 1s 
having a catastrophic effect upon the 
world’s faunas and floras. He is, in 
Carl Sauer’s phrase, an ecological domi- 
nant but he is not the first organism in 
the world’s history to achieve that posi- 
When the first land vertebrates in- 


tion. 
vaded terrestrial vegetation they must 


have been quite as catastrophic to the 
flora which had been evolved in the ab- 
sence of such creatures. When the large 
herbivorous reptiles first appeared, and 
also when the first large land mammals 
arrived in each new portion of the world 
there must have been violent readjust- 
ments and the creation of new ecological 


niches. 

The last of these (the arrival of the 
large land mammals) is close enough to 
us in geological time so that we have wit- 
nessed the very end of the process. 


The 
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vegetation of New Zealand had had no 
experience with mammals until the ar- 
rival of the Maori in the fourteenth cen- 
tury followed by Europeans in the 18th 
and 19th centuries. Man, pigs, horses, 
cattle, rats, sheep, goats, and rabbits were 

had had 
no previous experience with simians or 


The effect was catastrophic. 


loosed upon a vegetation whic! 


herbivores. 
Hybrid swarms were developed upon the 
most colossal known in modern 
times. \ succession of New Zealand 
naturalists have occupied themselves with 
treated mono- 
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quantum evolution simpson 1953) 
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crossing and allopolyploidy—must be con 


side red. Reference to allopolyploids 1S 


particularly important, since hybrid de 
rivatives of this type can easily be dis 
tinguished from their parental species by 
their chromosome numbers, and the time 
and place of hybridization can often be 
indicated with a high degree of probability 
(Stebbins, 1950, Chap. 9). 
Preceding the advent of man, the most 
revolutionary event in the history of the 
continents was the Pleistocene 
contemporary pluvial 


periods of regions south of the ice sheet 


northern 
glaciation and the 


This involved not only radical oscillations 
in climate, but also great disturbances of 
the soil, both in the glaciated regions and 
south of 


in areas to the them. In the 


latter. the extensive deposits of loess im- 
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mediately south of the ice margin and 
the masses of alluvium carried for miles 
down the river valleys must have dis- 
turbed these areas almost as much as the 


ice sheets churned up the areas which 
they covered. 


hybridization in de- 
aday ted to 
habitats is evident 
of allopolyploids in 


The activity of 
veloping plant populations 
these 


new amply 


Irom the rrequency 
versti- 


talus (Steb- 
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Che numerous examples cited by 
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During the Tertiary and earlie 
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ut which probably gave rise to disturbed 


abitats favorable to the establishment of 
vbrid derivatives. These were moun- 
ing movements, advance and re- 
treat of epicontinental seas, and radical 
the earth’s climate. 


Some of the direct effects of mountain 


buildings are the rapid creation of raw, 

inoccupied habitats (such as lava flows, 
— >] ] ] ‘ heal : 

Or instance), In which plants bdelonging 

to very different ecological associations 

may temporarily mingle and gain a chance 

to hybridize. In central California the 


» 


canyon of the Big Sur River is a typical 


example of the mixing together of spe- 
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cies belonging to very different floras in a 
region of recent uplift which has a rugged, 
youthful topography. Here yuccas and 
redwoods grow within a stone’s throw of 
each other. An example of hybridization 
in this area is between two species of 
Hieracium; H. albiflorum, which is typi- 
cal of northern California, the Pacific 
Northwest, and the Rocky Mountains, 
and H. argutum, a Southern California 
endemic which here reaches its northern 
limit except for one known station in the 
Sierra foothills. Examples such as this 
could undoubtedly be multiplied by a 
careful study of any youthful mountain 
region. 

The retreat of epicontinental seas in the 
latter part of the Pliocene period, plus 
faulting in the Pleistocene and recent 
times, has been largely responsible for 
the present topography of coastal Cali- 
fornia with its flat valleys and abrupt 
mountain ridges. One hybrid polyploid 
which appears to have spread as a re- 
sult of these changes is the octoploid 
Eriogonum fasctculatum var. foltolosum 
(Stebbins, 1942); another is probably 
the tetraploid Zauschneria californica 
(Clausen, Keck, and Hiesey, 1940). A 
series of hybrid swarms which may have 
arisen in response to the same topographi- 
cal changes is that of Quercus Alvordi 
(Tucker, 1952). Delphinium gqypso- 
philum is a relatively well stabilized spe- 
cies, probably of hybrid origin, endemic 
to this same recently emerged area of 
California (Epling, 1947), and the spe- 
cies of Gilia considered by Grant (1953) 
to be of hybrid origin have the same 
general distribution. In the Old World, 
Dansereau (1941) has suggested that 
Cistus ladanitferus var. petiolatus, which 
occupies the recently emerged coast of 
North Africa, is a product of hybridiza- 
tion between typical C. ladaniferus and 
C. laurtfolius both of which occur in the 
more ancient land mass of the Iberian 
Peninsula. 

Among the radical changes in the 
earth’s climate which occurred recently 
enough so that their effect on the vegeta- 
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tion can be recorded, is the advent of the 
Mediterranean type of climate with its 
wet winters and dry summers in most of 
California. The time of this climatic 
change is now fully documented by the 
fossil record; it took place during the 
middle part of the Pliocene period. It 
was preceded by a general decrease in 
precipitation, with biseasonal maxima 
(Axelrod, 1944, 1948). 

The effects of this climatic change on 
the woody vegetation of the area are also 
well documented by the fossil record. 
One very probable example of a hybrid 
swarm exists in a fossil flora. In the 
Remington Hill Flora, which was laid 
down in the Sierra foothills at the be- 
ginning of the Pliocene, there is a great 
abundance of oak leaves corresponding to 
the modern Q. morehus, a hybrid be- 
tween the mesophytic, deciduous Q. Kel- 
loggu, and the xerophytic, evergreen Q. 
Wishzenn (Condit, 1944). That these 
fossil leaves were borne by hybrid trees 
is evidenced not only by their very un- 
usual and characteristic shape, but also 
by their great variability and the fact 
that no similar leaves are found in any 
of the numerous Miocene and Pliocene 
floras of California. Furthermore, the 
Remington Hill is the only one of these 
fossil floras which contains the counter- 
parts of both parental species. At pres- 
ent, the Q. Kelloggu x Wishzent hybrid 
is frequent in the Sierra foothills, but it 
usually grows as single trees in company 
with dense stands of O. Wislizent and 
Q. Kellogg. The populations of the pa- 
rental species growing in the vicinity of 
the hybrids appear little or not at all 
different from those occurring by them- 
selves, far from any other species of this 
complex. On the other hand, Q. lW1s- 
lisentt shows considerable geographic 
variation, with the more northernly and 
more coastal variants, i.e., those adapted 
to increasingly mesic climates, possessing 
an increasingly greater resemblance to 
YQ. Kelloggti in habit, leaves, buds, and 
fruits. This suggests that the present 
variation pattern in O. Witslizent is the 
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result chiefly of extensive introgression 
from Q. Kelloggti, which began with 
the hybrid swarms of Mio-Pliocene time, 
and has since been ordered into a regu- 
lar, clinical series of variants by the se- 
lective action of the changing Pliocene 
and Pleistocene climates. Tucker (oral 
comm.) has suggested that QO. Douglast, 
a completely unrelated oak with a simi- 
lar geographical distribution, may have 
also originated from one or more hybrid 
swarms of a similar geological age. The 
modern variation pattern of the common 
chaparral species Adenostoma fascicula- 


tum (Anderson, 1952) could be inter- 
preted on the same basis, while less 
thorough observations by the junior 
author suggest that several other ex- 
amples can be found in the California 
flora. 


Conditions favorable for the origin and 
spread of hybrid derivatives are made not 
only by changes in the inanimate environ- 
ment, but also by the advent and disap- 
pearance of various f animals. 
Previous to man and his associated do- 
disturbances 
and 


types ol 
mesticates, some of these 
follows. In the 
large grazing mam- 


were as Kocene 
Oligocene periods, 
mals made their first 
earth. Their effect on the woody vege- 


appearance on the 


tation cannot be detected in the fossil 
record, and probably was not great. The 
herbaceous plants, however, must have 
been greatly affected by their inroads, 


and if these smaller plants had _ been 
abundantly preserved as fossils, we might 
be able to record 
them during these early Tertiary epochs. 
(1947, p. 132), after careful 
consideration of all lines of evidence, has 
suggested the latter part of the Oligocene 
as the time of origin of the genus Crefts, 


a burst of evolution in 


| sal CC ck 


one of the larger, more specialized, and 
probably more recent genera of Com- 
positae. On this basis, one might sug- 
gest that the greatest period of evolution 
of genera in this largest of plant families 
was during late Eocene and Oligocene 
time. 
ies of various grass genera of temperate 


The junior author, from his stud- 


North America, believes that many facts 
about their present distribution patterns 
could best be explained on the assumption 
that they began their diversification dur- 
ing the Oligocene epoch. They appear 
to have attained much of their present 
diversity by the middle of the Miocene, 
by which time many of the now exten- 
sive polyploid complexes, such as those 
in Bromus, Agropyron, and Elymus, had 
begun to be formed. The extensive Mio- 
cene record of species belonging to the 
relatively advanced tribe Stipeae (Elias, 
1942) would support such an assumption. 

At an earlier period, namely the begin- 
ning of the Cretaceous, the world saw 
for a relatively short time the dominance 
of the largest land animals which have 


ever existed, the great herbivorous dino- 


saurs. [These monsters must have con- 


sumed huge quantities of the fern and 
prevailed 


gymnosperm vegetation which 
at the time, and it 1s difficult to see how 
these plants, with their relatively slow 
growth and reproduction, could have kept 
up with such inroads. It is very tempt- 
ing, in fact, to speculate that over grazing 
on the part of giant dinosaurs contributed 


toward the extinction of the Mesozoic 
gynmospermous vegetation, as well as of 
the larger dinosaurs themselves, during 
the middle of the Cretaceous period. At 
the same time, shallow epicontinental seas 
were advancing and retreating, leaving 
areas open for plant coloni- 


during 


coastal plain 
zation: other 
this period were the rise of modern birds 


significant events 
and of Hymenoptera, particularly bees. 

The writers that 
these four nearly or quite concurrent 
overgrazing by 


venture to 


suggest 


retreat ol 
advent of a 


events seas, 
dinosaurs, 


fauna which transported seeds long dis- 


diversified avi- 
tances, and rise of flower pollinating bees 
all contributed to the 
which 


and other insects 
greatest revolution in vegetation 
the world has even seen; the replacement 
of gymnosperms by the predominant 
angiosperm flora of the upper part of the 
Cretaceous period. One should note that 
all of these conditions would favor hy- 
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bridization and the spread of hybrid de- 
rivatives, by giving unusual opportuni- 
ties for previously separated types to be 
brought together by wide seed dispersal, 
by permitting cross pollination between 
types previously isolated from each other, 
and by opening up new areas for coloni- 
zation by the hybrid derivatives. The 
suggestion has been made_ elsewhere 
(Stebbins, 1950, p. 363) that differenta- 
tion of genera and sub-families among 
primitive angiosperms took place partly 
via allopolyploidy; the time of origin of 
this polyploidy may well have been dur- 
ing the Cretaceous period. Evidence of 
introgression at so remote a time is prob- 
ably impossible to obtain; by an analogy 
we should assume that in the past as now, 
conditions favorable for allopolyploidy 
also promoted introgression. 

Going still further into the past, let us 
speculate on the events which must have 
taken place at the time when vascular 
plants and vertebrates first spread over 
the land. The principal geological period 
involved is the Devonian. At the begin- 
ning of this period comes the first exten- 
sive fossil record of vascular plants, all 
belonging to the primitive order Psilo- 
phytales. By the end of the Devonian, 
forms recognizable as club mosses (Ly- 
copsida), ferns (primitive Filicales), and 
seed plants (Pteridospermae) were al- 
ready widespread. We shall, of course, 
never know what chromosome numbers 
existed in these extinct groups of primi- 
tive vascular plants. But their nearest 
living descendants are nearly all very high 
polyploids, as has now been most ele- 
gantly demonstrated by Manton (1950, 
1953). She has suggested that the liv- 
ing Psilotales, which have gametic num- 
bers of about 52, 104, and over 200, “are 
the end-products of very ancient poly- 
ploid series which date back to simple 
beginnings. .. .” The relationship be- 


tween the modern Psilotales and the De- 
vonian Psilophytales is not clear, but to 
the present authors they appear to re- 
semble each other nearly enough so that 
they could belong to the same complex 
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network of allopolyploids, which de- 
veloped its greatest diversity in the De- 
vonian period. In the genus Op/toglos- 
sum, generally regarded as one of the 
three most primitive genera of true ferns, 
we have the highest chromosome num- 
bers known to the plant kingdom, namely 
n= ca. 256 in the northern O. vulgatum 
and n = ca. 370 in the tropical O. pendu- 
lum. These ferns are not preserved in 
the fossil record because of their soft 
texture, but their origin during the De- 
vonian period is a fair inference. There 
is very good reason to believe, therefore, 
that the great proliferation of genera and 
families of vascular plants during this 
earliest period of their dominance was 
accompanied by allopolyploidy just as it 
has been in the more recent periods of 
very active evolution. Where allopoly- 
ploidy was widespread, we can also sus- 
pect abundant introgression. 

The reader may well ask at this point 
whether any of this evidence contributes 
to the central theme of the present dis- 
cussion, namely the hypothesis that these 
extensive hybridizations, both ancient and 
relatively modern, gave rise to really new 
types, which formed the beginnings of 
families, orders, and classes having dif- 
ferent adaptive complexes from any plants 
previously existing. It is undoubtedly 
true that the results of introgression and 
allopolyploidy are chiefly the blurring of 
previously sharp distinctions between 
separate evolutionary lines, and the mul- 
tiplication of variants on adaptive types 
which were already established during 
previous cycles of evolution. Neverthe 
less, the fact must not be overlooked that 
conditions favorable for introgression and 
allopolyploidy, namely the existence of 
widely different and freely recombining 
genotypes in a variety of new habitats, 
also favor the establishment and spread 
of new variants. Establishment of new 
adaptive systems is under any circum- 
stances a relatively rare event; in any 
group of organisms we have hundreds of 
species and subspecies which are variants 
of old adaptive types to one which repre- 
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sents a really new departure. Hence we 
cannot expect to recognize introgressive 
or polyploid complexes which have given 
rise to such new types until we have care- 
fully analyzed hundreds of those which 
have not. Furthermore, our methods of 
recognizing these complexes almost pre- 
clude the chance of identifying the new 
types which have arisen from them. We 
make the assumption that hybrid deriva- 
tives, whether introgressants or allopoly- 
ploids, have characteristics which can all 
be explained on the basis of intermediacy 
between or recom)ination of the char- 
acteristics of the putative parents, and 
then devise methods of verifying this as- 
sumption. The new types, falling outside 
of this assumption, would be rejected by 
our methods. 

The junior author can suggest two ex- 
amples known to him of new and distinc- 
tive morphological characteristics which 
may have arisen in recent hybrid deriva- 
these is the presence in 
a species narrowly 


tives. One oft 
Ceanothus Jepsont, 
endemic to the serpentine areas of north- 
ern California, of flowers with six and 
seven sepals, petals, and anthers (Nobs, 
1951). This characteristic is not known 
anywhere else in the family Rhamnaceae 
or even in the entire order Rhamnales, an 
order which almost unquestionably dates 
the Cretaceous period. Mason 
(1942) has given strong evidence for the 


back to 


recent origin of Ceanothus Jepsonu. It 


inhabits an environment which is cer- 


mountains on 
a thick 


tainly recent, since the 
which it occurs were covered by 
layer of volcanic rocks even as late as 
the end of the Pliocene epoch, and the 
serpentine formations to which it is en- 
demic were not exposed until after the 
faulting which occurred at the beginning 
of the (Mason, 1942). It 


belongs to a complex of closely related 


Pleistocene 


species and subspecies, among which hy- 
bridization is still very actively taking 
place (Nobs, 1951). In characteristics 
other than sepal and petal number, it is 
intermediate between various ones of its 
rather than an extreme 


relatives type. 


Hence there is a good reason to suspect 
that Ceanothus Jepsonu represents a spe- 
cies of relatively recent (i.e. Pleistocene) 
hybrid origin which has evolved a mor- 
phological characteristic previously un- 
known in its family, and in fact one 
which is relatively uncommon in the en- 
tire subclass of dicotyledons. 

The other example is in the grass spe- 
cies Sttanion jubatum. This 
distinguished by possessing glumes which 
are divided into a varying number of 
linear segments, a characteristic not found 
elsewhere in the tribe Hordeae, and one 
which is the basis of a distinctive mecha- 
nism for seed dispersal (Stebbins, 1950, 
p. 141). Sttanion jubatum is endemic to 
Pacific North America, being most abund- 
ant in the coast ranges and foothills of 
central California. Its nearest relative is 
S. hystrix, a species found in the mon- 
tane areas of the same region, and ex- 
tending far eastward and southeastward. 
The two species are distinguished only 
by the degree of division of the glumes, 


species is 


and in fact appear to grade into each 
other. Field observations suggest that 


they actually consist of a large swarm of 
genetically isolated microspecies, such as 
has been demonstrated experimentally to 
exist in the related Elymus glaucus (Sny- 
1950). a . 

Cytogenetically, both species of Sttan- 
allotetraploids (Stebbins, Va- 
1946). Extensive 
chromosome counts from various parts 


der, 


ion are 
lencia. and Valencia. 


of the ranges of both species plus still 
more numerous measurements of sizes of 
pollen and stomata have failed to reveal 
any form of Sitaniton which could be 


diploid. 


of both species are strongly homologous 


Furthermore, the chromosomes 


with those of Elymus glaucus, as evi 
denced by complete pairing in the F, hy- 
brid. All of this evidence 
S. jubatum did not have any diploid 


suggests that 


ancestors which possessed its distinctive 
glumes, but has evolved out of a com- 
plex of allopolyploids which has existed 
in western North America for a 


long 
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time, probably since the middle of the 
Tertiary period. 

The forms of S. jubatum which have 
the most extreme division of the glumes 
occupy habitats which are recent, and 
which in some ways are intermediate 
between the most extreme habitats oc- 
cupied by Sitanion and those charac- 
teristic of Elymus glaucus. They are 
known from the shore of San Francisco 
Bay, in northeastern Marin County, from 
the eastern edge of the Sacramento Val- 
ley north and east of Sacramento and 
from the Sierra foothills in Mariposa 
county. In growth habit, these races of 
S. jubatum could be regarded as inter- 
mediate between the most extreme xero- 
phytes found in Sitanion on the one hand, 
and FE. glaucus on the other. 

Experimental evidence (Stebbins, un- 
published) has now indicated that the 
complex of microspecies within the taxo- 
nomic species Elymus glaucus originated 
partly if not entirely through introgres- 
sion. The probability is strong that 
Sitanion consists of a similar swarm of 
microspecies which originated also by 
introgression. The extensive subdivi- 
sion of the glumes in some of these micro- 
species, therefore, may well have origi- 
nated through the establishment of new 
mutations, or of new types of gene inter- 
action, in genotypes produced by hybridi- 
zation and introgression between mor- 
phologically very different and genetically 
well isolated species. 

When all of this evidence has been con- 
sidered, the writers can hardly escape the 
conclusion that hybridization in disturbed 
habitats has produced the conditions 
under which the more familiar processes 
of evolution, mutation, selection, and the 
origin of reproductive isolation barriers, 
have been able to proceed at maximum 
rates. Far from being insignificant be- 


cause much of it is in habitats greatly dis- 
turbed by man, the recent rapid evolution 
of weeds and semi-weeds is an indication 
of what must have happened again and 
again in geological history whenever any 
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species or group of species became so 
ecologically dominant as greatly to upset 
the habitats of their own times. 


SUMMARY 


(1) It has been established by recent 
work in Palaeontology and Systematics 
that evolution has not proceeded at a slow 
even rate. There have instead been bursts 
of evolutionary activity as for example 
when large fresh water lakes (Baikal, 
Tanganyika, and Lanao) were created 
de novo. 

(2) Recent studies of introgression 
(hybridization and subsequent back-cross- 
ing) have demonstrated that under the 
influence of man evolution has _ been 
greatly accelerated. There has been a 
rapid evolution of plants and animals 
under domestication and an almost equally 
rapid evolution of weed species and strains 
in greatly disturbed habitats. 

(3) The rapidity of evolution in these 
bursts of creative evolution may well have 
been due to hybridization. At such times 
diverse faunas and floras were brought 
together in the presence of new or greatly 
disturbed habitats where some _ hybrid 
derivates would have been at a selective 
advantage. Far from being without 
bearing on general theories of evolution, 
the repeated demonstrations of acceler- 
ated introgression in disturbed habitats 
are of tremendous significance, showing 
how much more rapidly evolution can 
proceed under the impact of a new eco- 
logical dominant (in this case, Man). 
Such an agent may bring diverse faunas 
and floras into contact. Even more im- 
portant is the creation of various new, 
more or less open habitats in which novel 
deviates of partially hybrid ancestry are 
at a selective advantage. The enhanced 
evolution which we see in our own gar- 
dens, dooryards, dumps and_ roadsides 
may well be typical of what happened 
during the rise of previous ecological 
dominants. The first vertebrates to enter 
isolated continents or islands, the first 
great herbivorous reptiles, the first herbiv- 
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orous mammals must have created simi- 
lar havoc upon the biotae of their own 
times. Introgression must have played 
the same predominant role in these dis- 
turbed habitats as it does today under 
the impact of man. These arguments are 
supported by a homely analogy (page 
379) and by various kinds of experi- 
mental and taxonomic data. 


LITERATURE CITED 


Avava, Retro QO. 1952. Spikelet variation in 
Zea Mays L. Ann. Mo. Bot. Gar., 39: 
65-96. 

Attan, H. H. 1937. Wild species-hybrids in 


the phanerogams. Bot. Rev., 3: 593. 

\nperRSON, E. 1939. Recombination in species 
crosses. Genetics, 24: 688. 

—. 1948. Hybridization of the 
Evolution, 2: 1-9. 

——. 1949. Introgressive Hybridization 
Wiley & Sons, New York, 109 pp. 


habitat 


—-. 1952. The ecology of introgression in 
Adenostoma. Nat. Acad. Sci.: Abstracts of 
pipers presented at the autumn meeting, 


Nov. 10-12, 1952 (Sci., 116: 515-516). 


. 1952. Plants, Man and Life. Little, 
Brown & Co., Boston, 245 pp. 
1953. Introgressive hybridization. Biol. 


Rev., 28: 280-307. 

Axetrop, D. I. 1944. 
in central California. 
Publ., 553: 207-224. 

1948. Climate and evolution in western 
North America during Middle Pliocene time. 
Evolution, 2: 127-144. 

Bascock, E. B. 1947. The genus Crepts. 
Part I. The taxonomy, phylogeny, distribu- 
tion and evolution of Crepis. Univ. Calif. 
Publ. Bot., 21: 1-198. 

Brooks, J. L. 1950. Speciation in ancient 
lakes. Quart. Rev. Biol., 25: 131-176. 
CLausen, J., D. D. Keck ANd W. HIEsey. 
1940. Experimental studies on the nature 
of species. I. Effect of varied environment 

North American plants. Car- 


The Pliocene sequence 
Carnegie Inst. Wash. 


on western 


negie Inst. Wash. Publ., 520, vii, 452 pp., 
figs. ] 155. 
CockayNeE, L. 1923. Hybridism in the New 


Zealan1 flora. New Phytol., 22: 105-127. 


Conpit, C. 1944. The Remington Hill flora. 
Carnegie Inst. Wash. Publ., 553: 21-55. 
DANSEREAU, P. 1941. Etudes sur les hybrides 


VI. Introgression dans la section 
Research, 19: 59 


de Cistes. 


Ladanium. Can. Jour 


67. 
AND Y. DESMARAIS. 


1947. 


Introgression 


387 


in sugar maples. II. Amer. Midl. Nat., 37: 
146-161. 
Frias, M. K. 1942. 


and other herbs from the high plains. 
Papers Geol. Soc. Amer., 41: 176 pp. 


Tertiary prairie grasses 
Spec. 


Eptinc, C. 1947. Actual and potential gene 

flow in natural populations. Am. Nat., 81: 
81-113. 
—. 1947. Natural hybridization of Salvia 
apiana and S. mellifera. Evolution, 1: 69- 
78. 

GRANT, V. 1953. The role of hybridization in 


the evolution of the leafy-stemmed Gilias. 
Evolution, 7: 51-64. 

Hartt, M. T. 1952. 

tion in Juniperus. 

1-64. 

srseR, C. B., Jr. 1949. Natural hybridiza- 

tion with particular reference to introgres- 

sion. Bot. Rev., 15: 645-687. 

1951. A comparison of the flora as a 
whole and the weed flora of Indiana as to 
polyploidy and growth habits. Indiana Acad 
Sci., Proc., 59: 64-70. 

MaAnNGe-LsporF, P. C., anp C. E. Smita, Jr. 
1949. New archeological evidence on evolu- 
tion in maize. Bot. Mus. Leaflets, Harvard 
Univer., 13: 213-247. 

Manton, I. 1950. Problems of Cytology and 
Evolution in the Pteridophyta. 316 pp., 
Cambridge University Press. 

——. 1953. The cytological evolution of the 
fern flora of Ceylon. Soc. Exp. Biol., Symp., 
7: Evolution, 174-185. 

Mason, H. L. 1942. 


Variation and hybridiza- 
Ann. Mo. Bot. Gard., 39: 


H 


oe 


Distributional history 
and fossil record of Ceanothus. pp. 281-303 
in Van Rensselaer, M., and H. E. McMinn. 


Ceanothus, publ. by Santa Barbara Bot. 


Gard., Santa Barbara. 

Nickerson, N. H. 1953. Variation in cob 
morphology among certain archaeological 
and ethnological races of maize. Ann. Mo. 
Bot. Gard., 40: 79-111. 

Nogs, M. 1951. Ph.D. Thesis, Univ. Cali- 
fornia, Library. 

Sauer, C. QO. 1952. Agricultural origins and 


Am. Geogr. Soc., Bowman me- 
110 pp. 4 pls. 


dispersals. 
morial lectures Ser. II, v. 
New York. 
Simpson, G. G. 1944. 
Evolution. xiii, 237 pp., New York. 
1953. The Major Features of Evolution. 


Press, New York, 434 


Tempo and Mode in 


Columbia University 
PP 

Snyper, L. A. 1950. Morphological variability 
and hybrid development in Elymus glaucus. 
Amer. Jour. Bot., 37: 628-636. 

Stessins, G. L., Jr. 1942. Polyploid com- 
plexes in relation to ecology and the history 


Am. Nat., 76: 36-45, figs. 1-2. 


of floras. 








388 E. ANDERSON AND G. L. STEBBINS, JR. 


—. 1950. Variation and Evolution in Plants. 
Columbia University Press, New York, 643 


Pp. 


—, J. I. Varencra AnD R. M. VALENCIA. 
1946. Artificial and natural hybrids in the 
Gramineae, tribe Hordeae I. Elymus, Sitan- 
ton and Agropyron. Am. Jour. Bot., 33: 


338-351. 


Tucker, M. 1952. Evolution of the California 


oak Quercus alvordiana. 


180. 


Evolution, 6: 162- 


Woopson, R. E., Jr. 1947. Some dynamics of 
leaf variation in Asclepias tuberosa. Ann. 
Mo. Bot. Gard., 34: 353-432. 

1952. A biometric analysis of natural 
selection in Asclepias tuberosa. Nat. Acad. 
Sci.: Abstracts of papers presented at the 
autumn meeting, Nov. 10-12, 1952 (Sci. 
116: 531). 

ZIMMERMAN, E. C. 1948. Insects of Hawaii. 
Vol. I. Introduction. University of Hawaii 
Press, Honolulu, 206 pp. 


























THE FORAMEN OVALE 


Titty EpINGerR!? AND Davip E 


) 


KITTS 


». 


Museum of Comparative Zoélogy at Harvard College, Cambridge, Massachusetts, and 
School of Geology, University of Oklahoma, Norman, Oklahoma 


Received July 


[NTRODUCTION 


We recently have studied the cranial 
nerve foramina in American specimens 
of the oldest of the Equidae, the early 
Eocene Hyracotherium (eohippus). Our 
description will not be published in its 
present form since, during the summer 
of 1953, a party from the American 
Museum of Natural History excavated 
the first undistorted eohippus skulls ever 
found in America. In the crushed crania 
we had at hand we have, however, ob- 
served one detail which we found to be 
of general significance. 

The mandibular branch of the tri- 
geminal nerve (V*) appears to have been 
variable in its relations to the wing of 
the sphenoid bone (ala temporalis sphe- 
noidei, alisphenoid). The Hyracothertum 
skulls A.M.N.H.? 4832 and 4831 on their 
right sides contain the alisphenoid rela- 
tively well preserved. In the first speci- 
men we could not trace of 
perforation in the wing of the sphenoid. 
[In this individual, consequently, the man- 


detect any 


dibular nerve must have passed outward 
posterior to that bone as in Equus (fig. 
1). It must have shared with the inter- 
nal carotid and middle meningeal arteries 
the anterior of the foramen la- 
cerum (variously termed f. lac. anterius 
or medium). In the second specimen, a 


section 


1 This paper is one of a series aided by a 
grant, to the senior author, from the Penrose 
Fund of the American Philosophical Society. 
2We use the following abbreviations: A.M. 
N.H. (American Museum of Natural History, 
New York, N. Y.); M.C.Z. (Museum of Com- 
parative Zoology at Harvard College, Cam- 
bridge, Mass.); P.U. (Princeton University 
Geological Museum); U.S.N.M. (United States 
National Museum, Washington, D. C.); Y.P.M. 


(Peabody Museum, Yale University, New 
Haven, Conn.). 
Evo.uTion 8: 389-404. December, 1954. 
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slit extends forward from the foramen 
lacerum into the sphenoid wing. Here, 


apparently, passage of the mandibular 
nerve was anterior to the foramen la- 
cerum but without osseous separation 


from that basicranial gap. A third speci- 
men (Y.P.M.-V.P. 11694) is undistorted. 
[It was labelled Eohippus by O. C. Marsh, 
but it cannot be definitely determined be- 
cause no teeth are preserved. Since this 
cranium was described (as eohippus, 
Edinger, 1948), loss of a small piece of 
bone has revealed a foramen lying an- 
terior to the foramen lacerum from which 
it is separated by a thin, transverse, 
perpendicular bony septum. This in- 
dividual thus possessed a foramen ovale. 
Its mandibular nerve emerged here, that 
is, through the wing of the sphenoid as in 
the majority of mammals, including mono- 
tremes and marsupials. 

These three t are 
in 


different conditions 
noteworthy | their 
three crania which possibly belong to one 
genus disagrees with current opinion on 
cranial foramina in the class Mammalia. 
“They are very useful in classification, 
the presence or absence of cer- 
foramina differentiates orders very 

(Adams Eddy, 1943, p. 
The foramen ovale is supposed to 
While of other 
records 


yeCAUSE presence 


since 
tain 
clearly” 
172). 

be one of these foramina. 
cranial foramina the literature 
even intraspecific variability in their being 
separate, or confluent either on the inside 
the outside of the cranium or both, 


and 


or 
‘foramen ovale is listed 


among the characteristics of Artiodactyla 


separate” 


in the standard work on extant and ex- 
tinct mammals (Weber & Abel, 1928, p. 
521). In Perissodactyla, “The tympano- 


‘Foreign language quotations are translated. 
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Fic. 1. Recent perissodactyl, Equus caballus. 
A: Right side of cranium, ventral view (M.C.Z. 
Mamm. Dept. 1713). Black, from front to 
back: Foramen alare parvum (of alar canal), 
f. lacerum, f. hypoglossi. X 3%. 8B: Right and 
left foramen lacerum of Sisson’s specimen; 1: 
Incisura carotica, 2: i. ovalis, 3: i. spinosa, 4: 
bulla tympanica, 5: basilar part of occipital 
bone. 


periotic is . . . separated from the basioc- 
cipital and sphenoid by a wide gap which 
corresponds to the foramen lacerum, f. 
jugulare, f. caroticum, f. ovale, and f. 
spinosum, and thus serves the passage of 
.. . the third branch of the trigeminal 
nerve,” etc. (tbid., p. 638). 

Indeed there appears to be a striking 
difference between artiodactyls and peris- 
sodactyls with regard to the cranial pas- 
sage of V* if one chooses for comparison 
skulls of, e.g., deer and horse. The an- 
terior part of the foramen lacerum is com- 
paratively narrow and is adjoined by a 
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foramen ovale in Odocotleus (fig. 2 B). 
It is wide and includes the mandibular 
nerve in Equus. 

If presence and absence of foramen 
ovale really constituted differences dis- 
tinguishing mammalian orders, these char- 
acters might provide the highly desirable 
means for an at least ordinal determina- 
tion of fossil skull fragments lacking 
teeth. Also, it would signify that only 
the first of our three early Eocene speci- 
mens is perissodactyl. 

Besides such high taxonomic value, 
evolutionary significance too is attributed 
to the presence of a mandibular nerve 
foramen separate from the lacerum. “In- 
dividualization of cranial foramina is a 
sign of progressive evolution” (Hecker 
& Griinwald, 1926b, p. 361). Under that 
concept, our three specimens would form 
an evolutionary series with regard to the 
mandibular nerve exit. The third, by 
possessing a distinct foramen ovale, would 
appear to have attained a higher level of 
evolution than the second and, particu- 
larly, the first. 

sriefly, our few special data are at 
variance with current opinion generally 
adopted at least in neontology. We 
found other cases inconsistent with that 
concept described in the literature, par- 
ticularly of paleontology. These pub- 
lished data, however, are few and scat- 
tered incidental remarks on the foramen 
ovale in this or that skull. They did not 
carry sufficient weight for revision of a 
long-standing doctrine. We, therefore, 
felt obliged to undertake a general survey 
of the foramen ovale area. In the course 
of our study the Hyracotherium and 
?eohippus specimens became _ incidental 
and the generic identity of the latter un- 
important. Many other skulls of fossil 
and also of recent mammals convincingly 
show that current opinion about the sig- 
nificance of the foramen ovale must be 
rejected. The specimens we can cite as 
constituting a record of mandibular nerve 
exits in extinct ungulates may appear 
small in number ; but only they, of course, 
are documents of evolution. The usual 
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handicap of paleontology compared with 
neontology, the scarcity of available speci- 
mens and of relevant literature data, was 
particularly great in our study of a small 
detail owing to circumstances of differ- 
ent sorts. 


1) The temporal wing of the sphenoid bone, 
which either encloses or lacks a foramen ovale, 
is an area predestined to break in the process 
of skull fossilization. It is a relatively thin 
plate stretched transversely between the massive 
basilar part of the cranium and that part of the 
temporal bone which is fortified for articulation 
with the lower jaw. It has, in consequence, 
been destroyed in many fossil specimens, and 
when present is usually distorted. 

2) Preparators have rarely cleaned the to- 
ramen lacerum area of the overlying and, par- 
ticularly, the filling matrix. Even when pres- 
ervation is reasonably good, matrix usually left 
in situ blurs details of foramen margins and 
directions. For the identification of an open- 
ing in a fossil skull, position is sometimes not 
sufficient; the direction of the cranial perfora- 
tion is then decisive: below are quoted cases in 
which we determined as alar canal and foramen 
rotundum, regarded by 
earlier authors as foramen ovale. A great deal 
of specimen preparation would be a preliminary 
to a study based on more material than was 


respectively, openings 


available to us. 

3) While zoologists decided that the foramen 
ovale is a feature of great taxonomic importance 
in ungulates and of evolutionary significance in 
mammals as a whole, paleontologists paid little 
attention to that small detail. Many descrip- 
tions of fossil mammal skulls do not even men- 
tion cranial foramina. This is reflected in the 
published figures. Artists, we found repeatedly, 


allowed to embellish or otherwise mis- 


were 
represent the area we studied in the figured 
specimens. 


ARTIODACTYLA 


The artiodactyls do not conform with 
the textbook postulation even in their Re- 
cent representatives. A separate cranial 
passage for the mandibular nerve is not 
present in all members of this vast and 
varied order. 

Kk xamining the skulls of Recent Artio- 
dactyla in the M.C.Z. Department of 
Mammals, we saw no deviations from the 
supposedly artiodactyl characteristic in 
the suborder * Ruminantia. The extinct 





classification of Simpson, 1945 is fol- 
lowed throughout this paper. 


391 


ruminants, too, were apparently all pro- 
vided with an individual foramen ovale. 

In the suborder Tylopoda, however, 
the two surviving genera—members of 
the same subfamily, Camelinae—differ 
considerably in the morphology of the 
foramen lacerum area. Three species are 
represented in the collection of the Mam- 
mal Department of the Museum of Com- 
parative Zoology. All five specimens of 





Fic. 2. Recent artiodactyls. Right side of 
crania. A Tayassu torvus, ventro-posterior 
view (M.C.Z. Mamm. Dept. 8291). K 34. 


B: Odocotleus hemionus, ventral view (M.C.Z. 
Mamm. Dept. 29879). Black: Foramen orbito- 
rotundum, f. ovale, f. lacerum, f. hypoglossi. 
. 96. 
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Camelus bactrianus have a foramen 
ovale well separated from the lacerum, 
as in the ruminants. These camels have 
retained the condition present in the 
Lower Pliocene cameline, Procamelus 
(e.g., M.C.Z. 4447), and in the probable 
ancestor of the Camelinae, the Middle 
Oligocene Poébrotherium (e.g., M.C.Z. 
16387 and 17684). But there is no such 
perforation of the alisphenoid in 7 skulls 
at hand of Lama huanachus and in the 5 
skulls of Lama vicugna. All, however, 
have a delicate osseous separation within 
the foramen lacerum of a lateral section 
which lies in a sagittal plane correspond- 
ing to but more posterior than the fo- 
ramen ovale of the camel. This super- 
ficial division of the foramen lacerum con- 
sists of a thin longitudinal spine extending 
backward from the posterior margin of 
the alisphenoid. The length of this spine 
is extremely variable. In some vicugna 
skulls a complete longitudinal bridge is 
formed, the spine being met by a shorter 
forward process from the auditory bulla, 
as in some pigs. 

In the suborder Suiformes all Eocene 
and Oligocene representatives apparently 
had the foramen ovale. It is seen, for 
example, in the most ancient infraorder, 
Palaeodonta, in Pearson’s (1927) figures 
of Mixtotherium (fig. 33) and Cebo- 
choerus (fig. 23); also, in early repre- 
sentatives of the next-oldest infraorder, 
Ancodonta; Brachyodus (fig. 31), Hap- 
lobunodon (fig. 39), and Diplobune (fig. 
43). In the ancodont family Caeno- 
theriidae, which became extinct early in 
the Miocene, numerous late Oligocene 
specimens with foramen ovale are known 
(basal view figures of 6 specimens in 
Hitirzeler, 1936). 

The foramen is, however, lacking in 
later forms. Its loss has been traced in 
the history of another ancodont family, 
the Anthracotheriidae; “The basicranial 
foramina are quite separate in the primi- 
tive forms, but in some of the advanced 
genera, such as Merycopotamus” (Mid- 
dle Pliocene to Lower Pleistocene) ,” they 
are coalesced around the bulla” (Col- 
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bert, 1935a, p. 12). In the surviving 
family of Ancodonta, the Hippopotamidae, 
the broad gap between auditory bulla and 
sphenoid bone serves as foramen lacerum 
+ ovale in all three known genera: the 
middle Pliocene to Lower Pleistocene 
Hexaprotodon (Colbert, 1935b, p. 285) 
and the extant Hippopotamus and 
Choeropsis. 

In the infraorder Suina, van Kampen 
described the extant Suidae as having 
“the foramen ovale not closed by en- 
circulating bone, but only an incisure in 
the posterior margin of the alisphenoid, 
and usually separated but incompletely 
from the foramen lacerum anterius by a 
small process of the latter bone” (1905, 
p. 538); but Sisson says of Sus: “The 
foramen ovale is absent, being included 
in the foramen lacerum anterius” (1938, 
p. 171). The contradiction is in terms. 
It results from the widespread develop- 
ment, in the Suidae, of the backward 
alisphenoid spine (fig. 2 A) we observed 
in the llama (and in a rhinoceros, see 
below). This spine can so divide the 
foramen lacerum as to produce the im- 
pression that the prootic gap consists of 
two foramina. Actually, each of these 
is only a segment of the lacerum, set 
off only superficially, never in depth. 
Neither is a homologue of the more an- 
terior foramen piercing the alisphenoid 
in the early ancestors of Sus. The lateral 
one, whether notch or hole, is analogous 
to the foramen ovale. Indeed, a dissec- 
tion of an adult male domestic pig re- 
vealed that this lateral notch contained 
only the mandibular nerve root. 


In detail, the conditions in the Suidae are as 
follows. In all the dozens of skulls we studied, 
there is some development of a spicule extend- 
ing backward from the alisphenoid into the 
foramen lacerum. But the figures in the litera- 
ture giving the alisphenoid a straight posterior 
border may well be correct. Considering the 
great variability in the skulls at hand, absence 
of the structure in some individuals is to be 
expected. Variable are the position of the 
origin in the alisphenoid margin and, particu- 
larly, length and posterior connection of the 
spine. These are practically never the same on 
right and left sides. The direction of the spine 
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is, apparently, always straightly posterior and 
approximately horizontal. 

The Oligocene tayassuine Perchoerus has a 
foramen ovale completely encircled by bone 
(Pearson, 1923, p. 79). The Recent tayassuines 
have no foramen ovale. They have an alisphe- 
noid spine similar to that found in the suids, 
but better developed. In many Tayassu the 
spine of the alisphenoid is on one side so long 
that it touches the auditory bulla, that is, com- 
pletely bridges the foramen lacerum. A com- 
plete bridge is rare in Sus and other suinae. 
Rather, a short process, sometimes merely em- 
phasizing a notch, seems to be the rule. Forma- 
tion of a complete bridge results from the de- 
velopment of a short process extending forward 


from the bulla and meeting that from the 
alisphenoid. The tips of these two processes 
were also seen not in contact, and in some 
cases not exactly opposite each other; but it 
seems that in life they are always connected by 
a tough ligament. 

It follows that the alisphenoid in the extant 
Suina has lost the foramen ovale found in the 
ancestral forms. Some Suina have instead de- 
veloped one or two osseous spines which, pos- 
terior to the alisphenoid plate, separate the 
mandibular nerve exit from the rest of the fora- 
men lacerum. 

Such secondary subdivisions of cranial fo- 
ramina have previously been described as occa- 
sional variations in Homo, developed in the 
hypoglossal foramen (Lillie, 1917, p. 133) and 
in the posterior lacerum area, the jugular fo- 
ramen (Hayek, 1929; also Lama and Meles, p. 
70). In man, processes backward from the 
petrosal and forward from the occipital bone 
can divide the jugular foramen partly or com- 
pletely; instead of the usual one there can be 
2, 3, or 4 openings; but, apparently in contrast 
to our observations in pigs, these variable 
divisions separate nerves and vessels in ex- 
tremely variable ways. 


Thorpe, in his monograph of the sui- 
form infraorder Oreodonta (1937), in- 
cidentally mentions phylogenetic loss of 
the foramen rotundum. He records both 
presence and absence in late Oligocene 
Leptauchenia (p. 240 and 258); a small 
opening on the left and none on the right 
side in a late Oligocene Eporeodon (p. 
68) ; absence in other late Oligocene and 
in an early Miocene individual of that 
genus (pp. 69, 77, 88); and absence in 
late Miocene Ticholeptus and all later 
oreodonts (p. 191). As regards the fo- 
ramen ovale, a glance at the literature 
and random study of a few specimens 


gave the impression that it was preserved 
in the Oreodonta throughout their late 
Eocene to Middle Pliocene history. This 
may well be true in general. However, 
the fact of intrageneric variability of 
foramen ovale occurrence is particularly 
well illustrated in oreodonts, presumably 
because their Oligocene crania have been 
found in rather large numbers. The fo- 
ramen ovale is mentioned by Thorpe as 
present in Leptauchenia (p. 221), and as 
large in a later form, the early Miocene 
Merychyus (p. 230). He found it large 
in a Middle or Upper Oligocene Eporeo- 
don (p. 69), small in an Upper Oligocene 
individual (p. 88), very large in one from 
the Lower Miocene (p. 77). Professor 
John Clark noticed that in many of the 
numerous late Oligocene Eporeodon 
crania in the Carnegie Museum, Pitts- 
burgh, the foramen ovale is of normal 
size on one side while tiny or absent on 
the other side (oral communication). 


PERISSODACTYLA 


In the surviving forms of the peris- 
sodactyl superfamilies Equoidea, Tapiroi- 
dea and Rhinocerotoidea, the mandibular 
nerve passes from the cranium within the 
foramen lacerum; it emerges through an 
orifice in the tough membrane closing this 
large basicranial gap, between the ori- 
fices for the internal carotid and middle 
meningeal arteries. The absence of a 
foramen ovale is, however, not charac- 
teristic either of the three surviving 
groups as a whole or of the two extinct 
branches of perissodactyls, Brontotherioi- 
dea and Chalicotherioidea. 

The innumerable ventral views of 
brontothere skulls in Osborn’s compre- 
hensive monograph (1929) show the 
separate foramen ovale in almost every 
case. Examples from three Middle Eo- 
cene genera are figures 250, 262, and 
278; four of the Upper Eocene genera 
are shown in figure 324, and six of the 
Lower Oligocene genera in figure 393. 
The few plate figures in which the fo- 
famen ovale can not be seen apparently 
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show skulls with matrix or disturbances 
in the basicrancial region. Every bron- 
tothere skull we studied (Eocene and 
Oligocene, A.M.N.H. and M.C.Z.) does 
have a foramen ovale at quite a distance 
from and in front of the lacerum. Thus 
it seems that when the Brontotherioidea 
became extinct early in the Oligocene, 
they still had what we must now regard 
as the primitive ungulate pattern of 
mandibular nerve exit. 

The foramen ovale of the late Miocene 
Macrotherium is indeed part of “the 
typical chalicotherine arrangement of its 
basicranial foramina” (Colbert, 1934, p. 
378). The foramen is also conspicuously 
distinct from the lacerum in the two other 
branches of the chalicotheres, at least in 
the unique skull (A.M.N.H. 5096) of the 
late Eocene eomoropine Eomoropus and 
in the many skulls known of the early 
Miocene schizotherine Moropus. The 
various descriptions of Moropus skulls 
do not specifically mention this; but, re- 
membering that perissodactyl and artio- 
dactyl alisphenoids are supposed to be 
basically different, we may note that for 
Holland & Peterson the antero-external 
border of the foramen lacerum in Moro- 
pus “recalls what is found in the skull 
of the bison” (1914, p. 238). 

The variable condition of the foramen 
ovale in the most primitive equid genus, 
H yracotherium, has been described above. 
The only known adult skull of Orohippus 
(A.M.N.H. 12648) is incomplete and 
crushed. In the right alisphenoid there 
are several cracks, parts of which could 
be foramina. In the left alisphenoid a 
large subquadrangular gap, whose an- 
terior border is apparently natural, is 
located just posterolateral to the posterior 
opening of the alar canal, suggesting the 
presence of a foramen ovale in this area. 
The posterior border of this gap is lo- 
cated from 9 to 11 mm. anterior to the 
well preserved anterior border of the fo- 


ramen lacerum. In a relatively well pre- 


served juvenile Orohippus skull (U.S. 
N.M. 17835) a separate foramen ovale 
is apparently absent. 


No specimen of 
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Epihippus has the basicranial region pre- 
served. Numerous specimens of Meso- 
hippus, Miohippus, Merychippus, and 
Phohippus in the American Museum have 
been examined and all are essentially like 
Equus in the arrangement of their cranial 
foramina. None of these later Equidae 
has a foramen ovale. The exit of the 
mandibular nerve may be marked by a 
notch of variable depth in the anterior 
border of the foramen lacerum, the in- 
cisura ovalis (fig. 1 B). Usually, we 
found, this is not the case (fig. 1 A). 

In the earliest of Tapiroidea of which a 
skull is known, an extensive bone bridge 
separates the foramen ovale from the la- 
cerum (early Eocene Heptodon, M.C.Z. 
17670, to be described by H. Seton). In 
one of the only two Protapirus skulls ever 
found in the American Middle Oligocene, 
Hatcher did mention a foramen ovale in 
the alisphenoid, however, “at the base of 
the pterygoid” (1896, p. 165). The re- 
spective opening is shown in Hatcher’s 
figure (pl. II, fig. 3). It is not a fo- 
ramen ovale; it corresponds exactly to 
the posterior opening of the alar canal 
in the extant tapirs. Actually in the 
Oligocene form the mandibular nerve exit 
had become included in the foramen la- 
This condition is well known in 


cerum. 
Tapirus (e.g., van Kampen, 1905, p. 
5/9). Not previously noted, apparently, 


are variations of the foramen lacerum in 
Tapirus. Its anterior margin is a straight 
transverse line, as in van Kampen’s fig- 
ure 65, only in some tapir skulls. In 
others there are two or three notches. 
Tapirus indicus M.C.Z. Mammal De- 
partment 6347 may be mentioned as one 
example of the variations our Hyraco- 
therium specimens had led us to expect. 
On its right side, a posteriorly projecting 
spine from the sphenoid divides the fo- 
ramen lacerum anteriorly into a narrower 
median and a wider lateral section. On 
the left side two spines produce the three 
incisures sometimes present in horse 
skulls, but they are much more pro- 
nounced here. The middle notch clearly 
corresponds to the incisura ovalis of 
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horses. It extends farther forward into 
the alisphenoid than that medial to it 
(lodging the internal carotid), and the 
lateral notch (middle meningeal artery) 
is so long that its front margin is only 3 
mm. distant from the posterior opening 
of the alar canal. This distance is 21 
mm. on the right side of this skull. 

More than half a century old but ap- 
parently overlooked or forgotten is Os- 
born’s following observation. A “very 
characteristic feature of rhinoceros skull 
evolution (is) the progressive confluence 
of the foramen with the foramen 
lacerum medium, which can be observed 
in all stages from the Oligocene to the 
Miocene types” (1898, p. 119). The six 
specimens in which Osborn described and 
figured the still-separate foramen ovale 
are representatives of only the Middle 


ovale 


Eocene genus Hyrachyus and the Oligo- 
cene genera Subhyracodon and Amphi- 
caenopus. It seems necessary to cite 
more cases to obtain general recognition 
for Osborn’s discovery. 

We have seen the foramen ovale well- 
formed in numerous Middle Oligocene 
rhinoceros skulls such as Subhyracodon 
A.M.N.H. 12452 and Caenopus A.M. 
N.H. 552, M.C.Z. 3370 and 3371. In 
both Hyracodon M.C.Z. 6608 and 6638 


it is a narrow slit on one side, but this 


may be a postmortem condition. No fo- 
ramen ovale was found in either Meta- 
mynodon A.M.N.H. 547 (Scott, 1941, 


pl. XCITI, fig. 1) or Metamynodon M.C.Z. 
9157. In a basal view figure of the lat- 
ter specimen (Scott and Osborn 1887, 
hg. 9) the area, 
warped on both 

basically different on the left (the letter- 


ing “fov” pointing to part of the lacerum) 


which 1s somewhat 


sides, appears to be 


and the right (separate foramen ovale). 
\ctually there is no separate foramen 
ovale on either side, but on the right side 
a backward spine in 
anterior border 
One is tempted 


there is a trace of 
about the middle of the 
of the foramen lacerum. 
to connect the larger size of \Jetamynodon 
skulls with their lack of a foramen still 


present in smaller contemporary rela- 
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tives; but then one must remember that 
of the two extant Camelinae it is the 
larger genus which has retained the fo- 
ramen. 

The late Oligocene or early Miocene 
Baluchitherium skull A.M.N.H. 18650 
has three shallow notches in the pos- 
terior margin of the alisphenoid, just as 
in horses; and, as in horses and the ex- 
tant rhinoceroses, there is no foramen 
ovale. The canal labeled “for. ov. (V*)” 
on pls. I-II by Granger and Gregory, 
1936, slopes too strongly forward and 
opens on the outside too far anteriorly. 
It appears to be, rather, the foramen 
rotundum for nerve V*. 

The ovale is still a separate foramen in 
the early Miocene Dtcerathertum (in all 
skulls figured in ventral view by Peter- 
son, 1920). Among the late Miocene 
and early Pliocene rhinoceros genera the 
foramen ovale has become a rare feature. 
In Teleoceras, (1890, p. 94) 
found that “The foramen ovale is either 
confluent with or separated by a slender 
ridge of bone from the foramen lacerum 
medium.” It is confluent, i.e. absent as 
a separate structure, in the three J eleo- 
ceras skulls we studied (A.M.N.H. 8385, 
M.C.Z. 4446 and 12184). The four skulls 
of Chilotherium figured in ventral view 
by RingstrOm (1924) apparently do not 
have it. In another Chitlotherium skull 
3) a thin bone lamina completely 
separates from the large foramen lacerum 
a small oval foramen. This was briefly 
mentioned as a separate foramen ovale 
(Edinger, 1937), but in the present con- 
text it becomes a rather interesting de- 
tail. The small rmght and left foramina 
are different both in shape and position. 
The left one is almost entirely lateral and 
the right one also extends only in part, 
though more than the left, anterior to the 
This appears to be the 


Osborn 


(ng. 


foramen lacerum. 
mandibular nerve exit in the last stage 
of its, so to speak, backward migration 
into the foramen lacerum. 

No extant rhinoceros has a foramen 
ovale. They are still another group in 
which there can develop that extremely 
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Chilo- 


Miocene perissodactyl, 
Outlines of posterior part of 


Fic. 3. Late 
therium haberert. 
endocranial cast, ventral view. Black: 
casts of the foramina ovale, lacerum, hypoglossi. 
After Edinger. X %po. 


endo- 


variable backward spine from the ali- 
sphenoid which may be a structure serv- 
ing to replace in individual ontogeny the 
osseous wall of the mandibular nerve lost 
in phylogeny. The anterior section of 
the foramen lacerum is an enormous gap 
in the basicranium. Its margins are 
smooth bone in Rhinoceros (A.M.N.H. 
54456). A short spine juts back into it 
in Diceros no. 139693. In Ceratothertum 
5192 there is in place of this spine an 
obliquely longitudinal thin bridge, ex- 
ternally separating the prootic area of the 
foramen lacerum into about a lateral third 
and median two-thirds. A similar bridge 
is developed in Dicerorhinus M.C.Z. 
6346; here the lateral section of the fo- 
ramen is 8 mm. wide on one side and 
10 mm. on the other, the median sections 
being 5 and 8 mm. wide, respectively. 


CONDYLARTHRA 


The preceding survey of the surviving 
ungulate orders, each containing many 
forms without foramen ovale, suggests 
that originally the Ungulata s./. were pro- 
vided with this foramen. If its presence 


is indeed a primitive feature in ungulates, 
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it should have existed in the Condy- 
larthra, the “broadly structurally ances- 
tral group” (Simpson, 1945, p. 233) of 
Paleocene and Eocene protungulates 
which must have contained the ancestors 
of Artiodactyla and Perissodactyla. Very 
few condylarth specimens have the re- 
spective area satisfactorily preserved; but 
those we saw or read about all conform 
with our expectations. 

A complete and uncrushed lower Eo- 
cene specimen of the phenacodontid Phe- 
nacodus (P.U. 14864) shows a small fo- 
ramen ovale located just posterolateral 
to the posterior opening of the alar canal. 
It is separated from the foramen lacerum 
by a broad plate of bone. 

Cope stated that in the late Paleocene 
Periptychus “The foramen ovale is not 
separated from the meatus auditorius be- 
low” (1884, p. 388). We were not able 
to clarify this mysterious remark. In 
Cope’s specimen (A.M.N.H. 3669) the 
area is too cracked and incomplete, and 
there is apparently no other specimen 
that yields information in this respect. 
In one of the three specimens of the 
late Paleocene Pleuraspidotherium, all of 
which are crushed, the separate foramen 
ovale was found (Pearson, 1927, p. 453, 
fig. 51). 

The ovale of the early Eocene genus 
Mentscotherium was described by Cope 
(1884) as “scarcely separated from the 
foramen lacerum anterius” (p. 494), and 
as “not cut off from the foramen la- 
cerum” (p. 499) in the specimen A.M. 
N.H. 4412. In this specimen we cannot 
make out the foramen lacerum but dis- 
tinctly see the foramen ovale fully en- 


circled by the sphenoid wing. Corre- 
spondingly, the endocast preparation 
A.M.N.H. 48082 shows a small down- 


ward stone column, representing the man- 
dibular nerve. In the excellently pre- 
served cranium A.M.N.H. 4447 (fig. 4) 
the foramina remarkable resem- 
blance to those of the ?eohippus specimen 
mentioned Not only is the fo- 
ramen ovale set off from the lacerum by 
a bone bridge 3-4 mm. broad (or, rather: 


bear a 


above 
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high); the foramen at its ventral rim 
measures 2 X 3.5 mm. in ?H. and in this 
Mentscotherium ; further, the distance be- 
tween ovale and rotundum is 9 mm. in 
both specimens. 

MAMMALS 


SoME NoN-UNGULATE 


The ungulate and protungulate data as- 
sembled above illustrate two phenomena. 
1) Contrary to current opinion, the rela- 
tions between mandibular nerve and 
sphenoid bone can vary within groups at 
least as small as genera. 2) In the early 
Tertiary, the mandibular nerve generally 
passed through a foramen ovale. It is in 
later forms that the nerve frequently used 
the foramen lacerum for its passage from 
the braincase. Some branches of the 
ungulate stock during Tertiary times lost 
the foramen. This fact, too, is at vari- 
ance with a concept held by students of 
modern forms. Neontologists regard the 
foramen ovale as secondarily developed 
mammalian 


within the evolution of the 


orders. 
mandibular nerve is in 


the foramen lacerum 
: gap; 


I) “The exit of the 
the anterior section of 
... or it becomes walled off from this 
this gives rise to the foramen ovale” (Haller, 
1934, p. 576). 2) M. Weber & de Burlet also 
egard the prootic cleft as the original exit of 


the third branch of the trigeminal nerve. They 


state further 
noid expanded in correlation with progressively 


that when and where the alisphe 


xpanding brain volume, “the V? gradually 
me to lie within the alisphenoid; in many 
mamumn ils, however, the foramen ovale has n 


yet become separated from the foramen lacerum” 
1927, p. 64). 3) Hecker & 
luded from their survey of 


that “The 


Grunwald con 


] 
extant mammals 
pressure of the enlarged brain en 


forces ossification more and more complete, and 
this separates the cranial foramina from each 
other” (1926b, p. 363), “so that man has thi 
laro¢ ; mher 2 Iowa ] rificec” ' 2 l 

largest number of individual orifices p. 361) 


Weber’s study on “evolution of the fo 


umen ovale” had arrived at similar conclusions 
monkeys, of 


skulls of two genera ol 


the apes, and of various races of man. He re 
ports tour different types of foramen ovale, 
ranging trom open notch to completely closed 
foramen, none of them restricted to one group 


He nevertheless concluded that, with regard to 
chimpanzee and 
evolutionary 


the foramen ovale, “gibbon, 


gorilla legree of 


have attained a 
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development equal to that of the human races 
regarded as the most civilized” (1907, p. 238). 
5) Stadtmuller (1936) supports the same theory 
with examples of higher and lower orders of 
mammals. “The prootic gap apparently is the 
primitive passage of the inframaxillary (third) 
branch of the trigeminal nerve. This is still 
the condition in, for example, rodents, etc.” 
(p. 919). “The foramen separate 
entity as a rule in primates and carnivores, the 
nerve having come to lie within the alisphenoid 
corre- 


ovale is a 


through expansion of this element 
sponding to the increasing brain mass. It is 
fused with the foramen lacerum anterius (me- 
in the majority of rodents, some ungu- 
cetaceans” (p. 912. All italics are 


dium ) 
lates, and 
ours. ) 

It seems that the foregoing theory is 
based upon two kinds of data to which 
neobiologists attribute phylogenetic sig- 
The first is embryological 
data. In the mammalian embryo, the 
semilunar ganglion of the trigeminal nerve 
develops outside the skull anlage. Its 


+ 


intracranial position and the three in- 


nificance. 


tracranial nerve roots extending from it 
therefore are indeed secondary in ontog- 
eny, as is also the separation of the 


cranial foramina from each other. The 





Fic. 4 Eocene protungulate, the con- 
Cranial fragment, ven- 
Black: foramina 


” 


Early 
dylarth Mentscotherium. 
tral view (A.M.N.H. 4447). 


lacerum, hypoglossi. X 15. 


ovale, 
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foramen ovale of the newborn human is 
still merely a gap in the posterior border 
of the sphenoid. Secondly, neontologists 
have not always resisted the temptation 
to draw conclusions regarding details of 
phylogeny from comparisons of living 
animals. 

As the phylogenetic development of the 
mammalian orders has gone separate 
ways for some 70 million years, paleon- 
tologists cannot envisage any series of 
conditions in Recent mammals as a series 
of steps in evolution. There is, of course, 
the possibility that the conditions in Re- 
cent forms may shed light upon the gen- 
eral course of evolution. In the present 
case, however, this cannot be conceded. 

An examination of the passages quoted 
above from the neomammalogical litera- 
ture itself reveals that the neontological 
conclusions regarding the evolutionary 
change in the position of exit of the 
mandibular nerve are unwarranted. The 
Paleontological data on the orders named 
in these quotations clearly support the 
view that the foramen ovale is an original 
character of the Mammalia as a whole, 
and that in some branches a trend de- 
veloped to abolish this separate cranial 
exit of the mandibular nerve. 

According to the handbook cited above 
as no. 5, Primates are one of the two 
orders of higher mammals generally dis- 
tinguished by the possession of a foramen 
ovale. The special study we quote as 
no. 4 contradicts this. The later litera- 
ture adopted only its general, “evolu- 
tionary” conclusions. We, however, see 
in that paper a report on considerable 
variability of the foramen ovale in Re- 
cent higher primates. Within, for ex- 
ample, the species Homo sapiens occur 
the types we found in the second and 
third of the Eocene specimens mentioned 
in the Introduction, and types transitional 
between these two. Listing examples 


for the four stages he distinguished in his 
material, A. Weber named, among others: 
with open notch instead of foramen, 
Semnopithecus, Australians, New Gui- 
neans; incompletely closed notch, Maca- 
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cus, New Guineans; foramen ovale closed 
by one spine, Hylobates, Australians, 
New Guineans; foramen ovale closed by 
two coalesced beams, Hylobates, Euro- 
peans (1907, p. 237). 

In the other order cited as having a 
foramen ovale, Carnivora, we know in- 
deed of no skull, fossil or Recent, in 
which the foramen is not fully formed. 
Apparently the trend towards its loss, 
noted in several branches of the ungulate 
orders, never developed in this other still 
flourishing order of the cohort Ferungu- 
lata. 


The following instance is possibly significant 
with regard to the preservation of the foramen 
ovale in both carnivores and primates. In both 
orders, this foramen contains, besides the man- 
dibular nerve, a branch of the internal maxil- 
lary artery. This is the middle meningeal 
artery in all Recent carnivores (Story, 1951, 
p. 513). According to human anatomy text- 
books, the vessel accompanying the mandibular 
nerve in man is a smaller branch, the ramus 
meningeus accessorius. The ungulate foramen 
may never have had such double function. To- 
day, at least, the middle meningeal artery enters 
the skull in the foramen lacerum both in un- 
gulates which have a foramen ovale (Bos: 
Sisson, 1937, p. 721) as in those without (Sus, 
Equus). It must be noted, however, that en- 
trances of the smaller cranial arteries are also, 
like mandibular nerve exits, not fixed ordinal 
characters. 


The Rodentia constitute an order whose 
members either lack or have a foramen 
ovale. In both cases Hill found the man- 
dibular nerve accompanied by ‘a small 
artery, a branch of the internal maxillary 
artery” (1935, p. 126). Hill’s material 
included Rattus; but in the material used 
for Greene’s detailed description of rat 
anatomy the foramen ovale apparently 
served only the mandibular nerve (1935, 
legend to fig. 9, and chapters on cranial 
nerves and on cranial vessels). 

“The majority of rodents” are cited as 
“still” not having a foramen ovale. No 
basis for this statement was found in the 
literature, and it would indeed be too big 
a task to study the condition in an order 
containing hundreds of genera. 

Hill lists (1935, p. 121) the 18 Recent 
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genera in which he studied the cranial 
foramina, and (p. 126) the 8 genera in 
which he found the foramen ovale con- 
fluent with the foramen lacerum, that is, 
situated between alisphenoid and tym- 
panic bulla. The other 10 genera have a 
distinct foramen ovale in the alisphenoid. 

When one sorts taxonomically the ma- 
terial of Hill’s anatomic study, even these 
few representatives of a particularly vast 
order serve to illustrate foramen ovale 
variability. The genera with distinct fo- 
ramina belong to 3 families each of the 
suborders Sciuromorpha and Myomorpha. 
Those without a foramen ovale belong to 
the same suborders, Geomys and Tho 
momys even to the same subfamily (Geo- 
myinae) as a form having the foramen 
(Cratogeomys).  Erethyzon, the only 
genus of the suborder Hystricomorpha 
represented in Hill’s sample, is listed 
among the forms without a separate fo- 
ramen ovale. A _ peculiar condition 1s 
described in another hystricomorph ro- 
dent; in a Myocastor skull the exocranial 
opening of the mandibular nerve passage 
is in the foramen lacerum, but endo- 
cranially there is a foramen ovale con 
fluent with the foramen rotundum. This 
is incidentally reported (p. 1355) in 
Hecker and Grunwald’s (1926) survey 
of foramen rotundum conditions in ex 
tant mammals, a paper which makes one 
wonder how great a variation would be 
found in the foramen ovale if it were 
made the subject of a similar compara 
tive investigation. 

Castor is one of the Recent sciuro 
morphs which lack a foramen ovale. 
Fossil Castoridae show that this is not 
true of the family as a whole. Olson 
(1940) studied four castorid genera form 
ing a time series and very probably an an 
cestral-descendent series from Miocene to 
Recent. The fossil skulls have, with two 
exceptions, no toramen ovale. The two 
skulls having the mandibular nerve exit 
enclosed in the sphenoid wing are among 
those of the oldest form of the series, the 
early Miocene Palaeocastor (Olson, 1940, 
fig. 3 A). Of the two still older, | igo 


cene castorid genera there apparently 
exists no specimen with the respective 
region satisfactorily preserved. The 
sphenoid wing is usually broken in the 
delicate skulls of small fossil rodents. 
One cannot, therefore, exclude the possi- 
bility that the distinct foramen in two 
Paleocastor was a phylogenetically unim- 
portant variation. But its presence in 
only the oldest of the forms studied by 
Olson is highly suggestive of evolution 
parallel to that we observed in ungulates, 
that is, early presence and later loss of 
the foramen ovale. The idea finds sup- 
port in Lavocat’s identification of the 
foramen in all three Oligocene sciuro- 
morph genera of which he had well pre- 
served skulls (1951, pp. 54-55). 

The Insectivora are conspicuously ab- 
sent in the handbook summaries citing 
orders of higher mammals with a fo- 
ramen ovale and orders of lower mammals 
without it. Indeed, if presence and ab- 
sence of this foramen really were ordinal 
characters, the order which has remained 
the most primitive of all the Eutheria 
would have to be classified with the 


higher orders. Muller, in her compre 
hensive description of the cranial fo- 
ramina in Recent Insectivora (1934), 
noted a foramen ovale well within the 
| the many 


species studied, except in Soricidae. Its 


sphenoid wing in every on 


occurrence in the overwhelming majority 
f{ the least progressive placentals is, to 
us, another indication of its primitive 
nature. Muller, like the other neontolo- 
gists, regards the absence of a foramen 
ovale, the exceptional condition among 
insectivores, as primitive because in sort- 
cids the alisphenoid has a primitive char 
acter and because a foramen ovale not 
encircled by bone agrees with the cranial 
anlage. “‘A foramen ovale not located on 
the outer side of the alisphenoid 

probably dates from the secondary mam- 
malian period” (p. 243; italics ours). 
But one need not go further back than 
the Pleistocene to see that, on the con- 
trary, the lack of a foramen inside the 
alisphenoid in extant soricids is a second- 
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ary development. The recent Soricidae 
probably are surviving relatives of the 
Pleistocene Nesophontidae (Simpson, 
1945, p. 177), and these do have the fo- 
ramen (Anthony, 1916, pl. XXIII, fig. 
3; two other skulls: Anthony 1918, fig. 
17). 

Recent material alone, namely the ex- 
tant Insectivora, contradicts not only the 
theory of secondary acquisition of the 
foramen ovale within mammalian orders, 
but also the assumption, quoted above, 
concerning the cause of foramen ovale ap- 
pearance in higher mammals. Not “ex- 
pansion of the brain,” but of the cerebral 
hemispheres indeed took place in the 
evolution of many branches of the Mam- 
malia. This trend, however, never de- 
veloped in the known history of the 
[nsectivora practically all of which, never- 
theless, have the foramen. Further, the 
cerebra of the ox and the horse are quite 
similar, yet the two forms are extremely 
dissimilar with regard to the osteology of 
the mandibular nerve exit. Paleontologi- 
cal material most definitely shows that 
expansion of the cerebrum did not cause 
the foramen ovale to appear within mam- 
malian phylogenies. For example, a con- 
siderable number of endocranial casts 
has recently been assembled which illus- 
trate brain evolution in the major branches 
of the Perissodactyla (Edinger, in prep- 
aration). Hence we know the brains of 
the early and middle Eocene perisso- 
dactyls in which the foramen ovale was 
present. They are primitive and slender. 
In the modern perissodactyls, with greatly, 
expanded cerebra, the foramen has dis- 
appeared. 

There are indeed no fossil data known 
which show the presumed appearance of 
the foramen ovale as a secondary develop- 
ment within the history of the various 
branches of Mammalia. 

Considering the variations of the man- 
dibular nerve exit and the obvious in- 
significance of the nerve’s cranial rela- 
tions for its function, the postulated ‘‘for- 
ward” shift of the nerve root into the 
sphenoid area can of course have oc- 


curred just as well as the shitt observed, 
“backward” to the posterior margin of 
the bone. One can even imagine, and 
may find if more material is studied, loss 
and reappearance of the foramen ovale 
within the history of mammalian groups. 
The cases of loss within mammalian 
phylogenies themselves become cases of 
acquisition and loss if one takes into con- 
sideration the reptilian prehistory of the 
Mammalia. 


Pre-MAMMALIAN TRIGEMINAL NERVES 


Comparing mandibular nerve exits in 
Recent mammals with those of their ex- 
tinct ancestors, we have found in several 
groups the separate passage type more 
frequent the further back we went in 
their evolutionary histories. A glance at 
trigeminal nerve exits in reptiles sug- 
gests that the foramen ovale was acquired 
at the origin of the class Mammalia. No 
comparable structure exists or existed in 
the Reptilia. 

Trigemino-cranial relations in Reptilia 
are amply described in both neo- and 
paleo-zoological literature, as are their 
differences from the respective conditions 
in the descendant class, Mammalia. Dis- 
cussion, however, appears to be concerned 
only with the osteological problems of the 
area. It is true that the organ enclosed 
by and shaping much of the cranium has 
been taken into consideration. As men 
tioned above, the phylogenetically en 
larging cerebrum was regarded as the 
main cause for the change from the gen 
erally slender ascending process of the 
reptilian epipterygoid into the larger 
mammalian alisphenoid which came _ to 
enclose nerves V* and V*. The trigemi 
nal nerve itself, however, figures in the 
debate only as an aid in seeking the ex 
act homology of the reptilian bone which 
lies anterior to the entire nerve or to V" 
No one, as far as we know, has taken ac 
count of a neurological circumstance, a 
difference between reptiles and mammals 
which must have been intimately related 
to the evolutionary appearance of the 
foramina rotundum and ovale. This is 
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the structure of the proximal portion ot 


the trigeminal nerve. At its passage 


through the cranial wall the reptilian tri 
eminal is not three-pronged as in mam- 
mals. Either nerves V', V* and V® leave 
ie brain chamber as one trunk, or they 
are forked into two branches, the opl 
thalmic and the maxillo-mandibular 
(Jne foramen trigemini is regarded as 
the primitive condition in reptiles. In the 
lower vertebrates generally the trigeminal 
trunk passes outward through one ori 
fice, the prootic cleft of the cranium, 
splitting into three branches below the 
cranial base. This is the condition in 


Sphenodon and also in crocodiles. 


rw foramina al suggested bv Wettstein’'s 
le art ) ' +t, lattae “Pp. ¢ = 1, 
escriptior I le §=iatter, assage rom the 
ranial cavity of the ophthalmic ramus through 
i separate toramen, s parated trom the roramen 


trigemini by the laterosphenoid” (1937, p. 313) 


The endocranial wall. however, has only one 
large orifice (see Gregory and Noble, 1924, hg 
2A The epipterygoid spicule developed be 


extracranial structure 


tween V1! and \ is an 1 

which, foramen- or canal-like, shields the oph 

thalmic ramus at the beginning of its extra 
mpi 6. , 


] st 
ours ici... 


cranial forward 


seer 1926 Ho Q? ) 


Line 


TY ' 
rs cle 


[In the majority of extant Reptilia the 
ophthalmic so diverges from the main 
trunk that it emerges at the anterior, in 
stead of the posterior border of the epi 
pterygoid. Such a course is assumed in 
some fossil reptiles; but where the nerves 
themselves have vanished and only fto- 
ramina can be studied, one can not re 


lably state whether the V' emerged wit! 


V*-V* or with the other eye muscle 
nerves, nor whether some small anterior 
foramen or notch served nerve V' or 

blood vessel for our present problem 


the important point is only the common 
emergence from the osseous cranium of 


V2 and V 


fe \ fossil 


in reptiles, fossil and Recent. 
specimens indicate that 


the maxillo-mandibular split began t 


develop within the class Reptilia. These 
specimens belong to three families of the 
therapsid infraorder Cynodontia. [arly 


ind Middle Triassic in age, they repre 


~ 


sent imdividuals at a time in the history 


of Reptilia, and of a branch of that class, 
which were close to the origin of mam 


' 
} 


mals. The condition of their foramen 


trigemini is noteworthy also as one mort 


indication of the gradualness of the rep 


t 
tile-mammal transformation. Among the 
therapsid crania which have been pre 

pared or sectioned so as to reveal prootic 
nd epipterygoid, incipient division of the 


trigeminal foramen is exceptional. 


1) In Cynognathus (berryi, Lower Triassic 
mammal-like reptile with a broad, fan-shaped 
pipterygoid resembling an alisphenoid, Broom 
liscovered that “Between the alisphenoid and 


prootic are two large oval foramina” (1911. 


p. 905). Broom’s figure of the specimen (pl. 
XLVI, fig. 1) however shows only one open 
ng in the suture between the two bones, the 


ther being antero-dorsal to it and quite within 
e “alisphenoid.” Thus the speculation was 
warranted that the anterior orifice enclosed the 
axillary nerve, that is, that a foramen ro- 
undum had developed in this reptile parallel 
to the later development in mammals. Because 
Broom’s figure gave rise to this repeatedly pub- 
lished idea (Gregory & Noble, 1924, p. 454; 
Versluys, 1936, p. 757), it must be noted here 
at according to a later study of the speci 
nen (Haughton, 1922) there are not two small 
t there is only one (p. 305). This 


~ 
~ 


lies in the suture. However, it extends torward 
nto the epipterygoid margin in an upper and 
1 lower notch (pl. XIII, fig. 7). Very prob- 
bly these notches indicate the positions of V? 
ind V%, and thus, possibly, the beginning of a 
plit of the maxillo-mandibular trunk withn 
e foramen trigemini. 
2) Among the many therapsid crania studied 
serial sections by E. C. Olson, similar in 


prent division the trigeminal foramen was 
' several a) / "1 the early Trias 
’ ral communication 

( I ncas¢ ta iatel M ddl lriassic 
identified cynodont which compares 
oselv with the Trirachodon remains with which 
S nd’ has tw foramina in the prootic 
piptery d sutu Parrington, 1946, p. 190 
eft side view. fig. 7 A: to judge from fig. 7 B, 
i@ht side has the normal single toramen 
mini). The upper foramen appears to ha\ 


een the exit of the maxillary nerve which had 
icranially separated from the mandibular 
er It is indeed regarded by Parrington as 
amen rotundum, the lower toramen as a 
ramen vale | 190). The margin of the 
ipper foramen is in great part formed by the 
pipterygoid. Even so, both maxillary and 
ndibular nerves passed outward in the suture 
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Thus Broom’s (1911) statement still 
holds true, and of the Reptilia as a whole: 
“In the mammal the alisphenoid differs 
from that of the Cynodont mainly in hav- 
ing the 2nd and 3rd branches of Nerve V. 
passing through instead of behind it” (p. 
992). Olson’s comprehensive investiga- 
tion of therapsid crania likewise found 
the epipterygoid never perforated, not 
even in those forms in which it is so 
expanded as to make it very similar to 
an alisphenoid (1944, p. 112). There 
is also only one, a post-epipterygoid tri- 
geminal foramen in the late Triassic and 
Jurassic mammal-like reptiles Bzeno- 
therium (Young, 1947, fig. 3) and Oly- 
gokyphus (Kihne, 1952, p. 62, p. 67). 
Thus from all the material now known 
one must conclude that the trigeminal 
nerve root is not threepronged in Rep- 
tilia; and, while the foramen trigemini of 
some cynodont therapsids suggests a be- 
ginning and even a completed separation 
of the maxillary and mandibular branches 
of the nerve, their exit was generally as 
one stem even in the most mammal-like 
forms. 

The fact that in some therapsid rep- 
tiles the epipterygoid bone had already 
expanded to the proportions of a mam- 
malian alisphenoid is another instance in 
the record of evolution casting doubt on 
the neontological concept. It is assumed 
that the alisphenoid enlarged (and came 
to enclose the trigeminal nerve roots) in 
relation to the increase of relative brain 
size in the mammalian orders. Actually, 
we see, expansion of the bone was well 
on its way in therapsids, that is, when the 
brain at least in the sphenoid bone area 
was still reptilian in type. The data of 
paleoneurology further show that the 
earliest mammals did not have cerebra 
so spectacularly larger than their reptilian 
forbears as that theory presupposes. Ol- 
son’s comparisons of mammal-like rep- 
tiles with mammals indicated “that the 
expansion of the alisphenoid has been 
entirely posterior” (Joc. cit.). Thus 
when the outward maxillo-mandibular 
portion of the trigeminal nerve became a 
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forward-downward maxillary branch and 
a sideward-downward mandibular branch, 
their exits had come to lie in the ali- 
sphenoid area and created two new fo- 
ramina. 

One must assume that the intracranial 
split of the nerve and consequent develop- 
ment of foramen rotundum and ovale oc- 
curred at or near the time of the origin 
of mammals. The record, unfortunately, 
does not go farther back than to the 
earliest Tertiary. The lacerum-ovale area 
is not well preserved in any of the tiny, 
fragmentary Mesozoic mammal skulls de- 
scribed in the literature. Only in a late 
Jurassic Triconodon could Simpson very 
tentatively regard as a foramen ovale a 
paired opening which, however, is not in- 
side the alisphenoid but “probably lay 
between the basisphenoid and the ali- 
sphenoid or the periotic or both” (1928, 
p. 85). 

The fossil record is 
believe, sufficient to show that, contrary 
to neontological theory, the foramen ovale 
was a progressive feature only during the 
arliest time of mammalian evolution. In 
the Present, therefore, the foramen ovale 
is a primitive feature most mammals have 
retained. Absence of the foramen in 
some extant mammals is neither the an- 
cestral nor a primitive but a secondary 
condition. This has developed in forms 
so different from each other that one can 
hardly expect to find any one cause for 


nevertheless, we 


the phenomenon. 


SUMMARY 


[In numerous living Mammalia (includ- 
ing man) a foramen ovale in the ali- 
sphenoid bone encloses the root of the 
mandibular nerve. Absence of this fo- 
ramen in the other living Mammalia (in- 
cluding some lower mammals) and in the 
mammal embryo induced the theory that 
a separate mandibular nerve exit is an 
advanced character, developed within the 
evolution of some orders. Its absence in 
horse, rhinoceros and tapir has been re- 
garded as one of the characters distin- 
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guishing the Perissodactyla from the 
Artiodactyla; in the latter order, pres- 
ence of the foramen ovale appeared to be 
characteristic. 

A study of the foramen ovale area in 
extant and extinct representatives of 
several orders was undertaken when we 


saw both types of mandibular nerve exit 
and an intermediate in Lower [Eocene 


crania probably referable to one genus, 
H yracotherium. 
We found that the condition can ind 


] 


vary not only within orders but also 


within genera. Several types of extant 


artiodactyls lack the foramen as do the 
extant perissodactyls. In both these un 
gulate orders, however, a separate t 
ramen ovale was the usual condition in 


Tertiary as it was in the 
cestral order. Condvlarthra. TI] 


& ] f ~« . " ™ -~! . onl sat 
Puiates the toramen oOvaie 1S not onlv sub 
» es , . . 
ect tne variabdi1iity KI WI Or otner 
> ae ] " 1 + ] 
CTal I Ooramll tnere sO @XISTE! 
hal t ] ancl . lasts y na 
il sf Tlé Tal ‘ oe Tl { VULLULIUI ary L ( Li 
. 7 
Or tne ior 1én OV to merge witn ¢ 
roramen tacerum. (omparisons of fos 


sil and Recent material suggest a similar 
trend in certain families of the 
Rodentia and Insectivora. 

consequently, is 


an advanced char- 


7 | - | 
acter. Its absence, rather, 1s the second- 
ry en Ie Betta op Maat 
irTy Ct qiuwuon, it Geveioped, at dainmeren 
: } ++ > ] 7 
times, in ‘different | ogenies Chis 


sponding alisphenoid expansi 
: liata t . |. 

gressive evolution. It seems more plausi 

] 4 - 1. " ha ’ TTy a | ’ . +} 
we tO reiate the tormation of the 
ith 7T) 2» -lie ale Tr) 17 ] ren 

with an earuer paieoneuroiogical devel 

ancestral cCiass, 


opment. In the 


7 > | ; ‘ " 
the mandibular nerve passes and always 


7 5 S| 
passed from the braincase together with 
i - 
the maxillary nerve. Its separate crania 


exif, the roramen ovaie, presumably Was 


] ~olel Re 
icquired when the mandibular nerve 
5 | a a , 
( Tlé¢ oO bDrancn oft the trig¢ Wa SLC 
iitracrat lv. during or near the org 
\ iv i 1 bilin Lif 4 
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EDITOR’S NOTES 


S. S. E. Meetincs AT GAINESVILLE, FLORIDA 


At the business meeting of the Society for 
the Study of Evolution, September 8, 1954, 
affirmative action was taken upon a motion that 
the titles of papers read at the scientific ses- 
sions of the Society be published in EvoLuTIon. 
Some of the papers eventually find their way 
into the pages of Evotution, but the majority 
appears elsewhere, where they may be missed 
by many of the members. As a _ permanent 
record of the papers presented, the following 
list is reprinted from the Bulletins of the A. I. 
B. S. in order of presentation: 


Young, Frank N., Indiana University, Bloom- 
ington, Ind. Variation in Relation to Iso- 
lation in the Genus Polopinus (Coleoptera: 
Tenebrionidae). 

Stalker, H. D., Washington University, St. 
Louis, Mo. Cytology of the Partheno- 
genetic Fly, Lonchoptera dubia. 

Michener, Charles D., and R. R. Sokal, Uni- 
versity of Kansas, Lawrence, Kan. A 
Quantitative Approach to a Problem in 
Classification. 

Blair, W. Frank, University of Texas, Aus- 
tin, Texas. Natural Interbreeding between 
Speciating Populations of Microhylid Frogs. 

Hinton, Taylor, University of California, Los 
Angeles, Calif. Multi-allelic Lethal Chro- 
mosomes in Wild Populations of Drosophila 
melanogaster. 

Dyson-Hudson, V. R. (Demerec), Oxford 
University, England. The Ecology of Two 
British Species of the obscura group of 
Drosophila. 

A. S. Romer, Harvard University, Cambridge, 
Mass. Fossil History. ; 

R. A. Howard, Harvard University, Cam- 
bridge, Mass. Recent Flora. 

T. H. Hubbell, University of Michigan, Ann 
Arbor, Mich. Recent Fauna. 

Steiner, Erich, University of Michigan, Ann 
Arbor, Mich. The Evolution Oecnothera 
in Middle America. 

Love, Askell, University of Manitoba, Winni- 
peg, Canada. Foundations of Cytotax- 
onomy. 

Vickery, Robert K., Jr., University of Utah, 


Salt Lake City, Utah. The J/imulus cardi- 
nalis Complex (Scrophulariaceae). 

Russell, Norman H., Grinnell College, Grin- 
nell, Iowa. Variation Patterns in the Stem- 
less White Violets. 

Menzel, Margaret Y., and Meta S. Brown, 
Texas Agricultural Experiment Station, 
College Station, Texas. Compatibility Re- 
lationships of Gossypium gossypioides. 

Pauley, Scott, S., Cabot Foundation, Har- 
vard University, Petersham, Mass. Natu- 
ral Hybridization of Trembling and Large- 
tooth Aspen. 


The editor also sought the sense of the meet- 
ing concerning inclusion of an occasional “Edi- 
tor’s Page” in Evo._ution, to provide for better 
communication between his office and the read- 
ers. The reaction was in general favorable 
and, thus, from time to time, such a page will 
be included in Evotution. At present, formal 
communication with the editor’s office is limited 
in large part to contacts with contributors and 
the referees who graciously give their time to 

many ways with manuscripts. An 
issue seems to go forth into a vacuum from 
which there is no return. Only rumblings along 
the grapevine and the status of the membership 
list provide clues to the fate of our efforts. We 
would welcome comments and criticisms that 
would aid in our efforts to maintain and im- 
prove the standards of EvoLuTIon. 

The journal is ultimately dependent upon the 
manuscripts that are submitted. The panel of 
Associate Editors does an excellent job of 
channeling papers to Evo_ution, but this group 
cannot possibly know of all the important 
work that is being done in the field. A con- 
stant vigilance by the readers for outstanding 
research in evolution and an effort to see that 
the results are submitted to EvoLuTION can do 
more than any other single action to improve 
the journal. Since it was founded some eight 
years ago, EvoLution has played a worthy role 
in communication, but there can be few who do 
not feel that its importance can be greatly in- 
creased. This first of the Editor’s Notes is a 
plea for aid in this direction. 


aid in so 


406 








INTERNATIONAL JOURNAL OF ORGANIC EVOLUTION 


Vol. VUI March 1954 t ‘No. 1 








CONTENTS 
Geographic Speciation in Tropical Echinoids. Ernst Mayr ...... : 
Trends in Sp ay 0 Variation in Palaearctic Members of the Genus 
ee ee ey er? Sk er ae 19 
Physiological Properties of Gene Arrangement Carriers in Drosophila 
persimilis III. Cytoplasmic Influence on Fecundity of Arrange- 
ment ey» Sastry Se re a 29 
Evolution of Feeding Preferences in Phytophagus Insects. V. G. 
SL © Geno ds Sacge 6 ao As Wate Ss onc... 2. RS Caw ober 32 
Statistics and the Evolution of Dicotyledons. K.R.SporNE ........ 55 
Isolation in Musa, Sections Eumusa and Rhodochlamys. N. W. Sum- 
BE ccdkae ch iiews be ates BERR pS «0s 0 2 00 a Sehbaen Mute tne ss 65 
Population Dynamics and Evolution. Byérn KurTin ............ 75 
Notes and Comments 
Revision of the Florissant Flora. Danret I. AXELROD ........... 82 
How Many Species? Anpré CAILLEUX ...............0.0..0... 83 
Experimental Biology and Evolution. Everetr C. OLSON ....... 84 
The Major Features of Evolution. Everetr C. OLSON .......... 87 








ae Y OF EVOLUTION 
CASTER, | PA. 




















y 


* Dette Sabai 


“ 

















~ 


inl — 





ealiiiaihi JOURNAL OF ORGANIC abhi criaiin 





EVOLUTION” > 





Vol. VIII March 1954 No. 1 




















CONTENTS 


Geographic Speciation in Tropical Echinoids. Ernst Mayr ...... l 


Trends in Geographic Variation in Palaearctic Members of the Genus 
Pe MUD a co cnn Ua cccvccddvctée dhe chubeaseunbae 19 


Physiological Properties of Gene Arrangement Carriers in Drosophila 
perstmilis III. Cytoplasmic Influence on Fecundity of Arrange- 


ment Hieterosygotes. Extor B. Sree ..........ccccccccccesess 29 
Evolution of Feeding Preferences in Phytophagus Insects. V. G. 

PE io hon n tne 6dee cae de ots eC endecw ce ONS s deine eee 0 came’ 32 
Statistics and the Evolution of Dicotyledons. K.R.SPoRNE........ 55 
Isolation in Musa, Sections Eumusa and Rhodochlamys. N. W. Sim- 

EET o:inds cs ce 6 600+ Rae We ob 00% 0004bs 6 dnneheewawenebads 65 
Population Dynamics and Evolution. ByORN KuRTEN ............ 75 


Notes and Comments 


Revision of the Florissant Flora. DANieL I. AXELROD ........... 82 
How Many Species? ANpRE CAILLEUX ............. ccc eeeeeee 83 
, Experimental Biology and Evolution. Everetr C. OLSON ....... 84 
The Major Features of Evolution. Everetr C. OLSON .......... 87 





PUBLISHED QUARTERLY 


_ eli 


—_™ 


BY THE SOCIETY FORTHE STUDY OF EVOLUTION 


PRINCE AND LEMON STREETS, LANCASTER, PA. 
AND THE UNIVERSITY OF CHICAGO, CHICAGO 37, ILLINOIS 





‘ ISSUED MARCH 31, 1954 











EDITORIAL BOARD 





EVERETT C. OLSON, Editor 


ASSOCIATE EDITORS 


Class of 1954 


A. Brito pa Cunna, Sao Paulo J. T. Grecory, New Haven 
A. J. Cain, Oxford H. Lewis, Los Angeles 
P. J. DARLINGTON, Cambridge (Mass.) A. K. MILter, Iowa City 


Class of 1955 


D. AMADON, New York J. F. Crow, Madison 
P. E. Croup, Jr., Washington, D. C. E. B. Forp, Oxford 
C. pE Pauta Couto, Rio de Janetro J. T. Rosinson, Pretoria 


Class of 1956 


D. D. Davis, Chicago E. PercivaL, Christchurch (N. Z.) 
S. LeCiercg, Liege N. TINBERGEN, Oxford 
H. LowENsTAM, Pasadena B. WALLACE, Cold Spring Harbor 





EVOLUTION is published quarterly by the Society for the Study of Evolution at 
Prince and Lemon Sts., Lancaster, Pa., and American Museum of Natural His- 
tory, New York 24, N. Y. Membership fee is $5.00 per year, of which $4.00 is 
for subscription to EVOLUTION. Subscription price to non-members: $6.00 per 


volume. 


EVOLUTION is open to papers of evolutionary interest. Manuscripts and all edi- 
torial correspondence should be addressed to the Editor, Everett C. Olson, Walker 
Museum, University of Chicago, Chicago 37, Illinois. Subscriptions are to be 
ordered through the office of the Treasurer, Mr. C. M. Bogert, The American 
Museum of Natural History, New York 24, N. Y. 


Numbers lost in the mail will be supplied free if written claim is received within 
one month of the date of issue of the next succeeding number. 


Notices of change of address should be sent to the Treasurer. Directions for the 
mailing of reprints should be addressed to EVOLUTION, Prince and Lemon Streets, 


Lancaster, Pennsylvania. 





Entered as second-class matter December 20, 1947, at the post-office at Lancaster, Pa., under the 
Act of March 3, 1879. 











coLUMBIA UNIY col TT 


' Ty. “ate 
Liuiv. p tote 


EVOLUTION 


INTERNATIONAL JOURNAL OF ORGANIC EVOLUTION 


ZOOLOGY - BOTANY 


Vol. VIII June 1954 LIBRARY No.2 
COLUMBIA UNIVERSI| 








CONTENTS 
Environmental Selection by Drosophila Mutants. C. H. WaAppING- 
ll is bodice d mb. note d.é 6 adtdbde. ode oedakbblee 0+000alens 89 
The Coral Snake Mimic Problem. Emmetr Rem DUNN .......... 97 


Reticulate Evolution in Appalachian Aspleniums. WarREN H. 
WE ID diccad dé. dbvbicie do ces 0c incbetntsoceed saoeooeeebed 103 


A Further Study of Chromosomal Polymorphism in Drosophila witl- 
listoni in Its Relation to Environment. A. Briro pA CUNHA and 
BE A ee Ee 119 


Comparable Mutant Eye Colors in Mormoniella and Pachycrepoideus 
(Hymenoptera: Pteromalidae). P.W. WHITING ................ 135 


Interfertile Sibling Species in the willistoni Group of Drosophila. 
Bh asawreaes E.. COARSE 6 on.c cvciccccccccccvcceccccsececeocsece ses 148 


Evidence of Tooth Structure on the Relationships of the Early 
Groups of Carnivora. Loris S. RUSSELL ............eeseeeee 166 


Experimental Studies of the Distribution of Gene Frequencies in 
Very Small Populations of Drosophila melanogaster, I. Forked. 


Warwik E. Kerr and SEWALL WRIGHT ...........ccccceccceces 172 
Notes and Comments 
Fundamentals of Ecology. RicHARD S. MILLER ................ 178 
Gene Dispersal and Ethology of the Rhinocerotidae. G. E. 
Blorwommmesons emt S. Drn2000 RIPEBY ..cccccccccccccccccccces 178 





PUBLISHED QUARTERLY 


et 


——~"“BY THE SOGIETY FOR THE STUDY OF EVOLUTION 


AND, LEMON STREETS, LANCASTER, PA. 
D THE OF CHICAGO, CHICAGO 37, ILLINOIS 


| ae 
. >} 
ISSUED JUNE 17, 1954 
i. ® 





ee ee 
A PO 

















EDITORIAL BOARD 





EVERETT C. OLSON, Editor 


ASSOCIATE EDITORS 


Class of 1954 


A. Briro pA CunnaA, Sado Paulo J. T. Grecory, New Haven 
A. J. Cain, Oxford H. Lewis, Los Angeles 
P. J. DARLINGTON, Cambridge (Mass.) =A. K. MILuer, Jowa City 


Class of 1955 


D. AMADON, New York J. F. Crow, Madison 
P. E. Coup, Jr., Washington, D. C. E. B. Forp, Oxford 
C. pE PAuLaA Couto, Rio de Janeiro J. T. Rosinson, Pretoria 
Class of 1956 
D. D. Davis, Chicago E. PercivaL, Christchurch (N. Z.) 
S. LeCercg, Liege N. TINBERGEN, Oxford 
H. LoweEnstaM, Pasadena B. WALLACE, Cold Spring Harbor 





EVOLUTION is published quarterly by the Society for the Study of Evolution at 
Prince and Lemon Sts., Lancaster, Pa., and American Museum of Natural His- 
tory, New York 24, N. Y. Membership fee is $5.00 per year, of which $4.00 is 
for subscription to EVOLUTION. Subscription price to non-members: $6.00 per 


volume. 


EVOLUTION is open to papers of evolutionary interest. Manuscripts and all edi- 
torial correspondence should be addressed to the Editor, Everett C. Olson, Walker 
Museum, University of Chicago, Chicago 37, Illinois. Subscriptions are to be 
ordered through the office of the Treasurer, Mr. C. M. Bogert, The American 
Museum of Natural History, New York 24, N. Y. 


Numbers lost in the mail will be supplied free if written claim is received within 
one month of the date of issue of the next succeeding number. 


Notices of change of address should be sent to the Treasurer. Directions for the 
mailing of reprints should be addressed to EVOLUTION, Prince and Lemon Streets, 
Lancaster, Pennsylvania. 





Entered as second-class matter December 20, 1947, at the post-office at Lancaster, Pa., under the 
Act of March 3, 1879. 




















. 
ZOOLOGY - BOTANY SoLUMe! nrverst ( 
LIBRARY » LIBRARIES 


EVOLUTION 


INTERNATIONAL JOURNAL OF ORGANIC EVOLUTION 


Vol. VIII September 1954 No. 3 





CONTENTS gee 


Phylogenetic Aspects of Respiratory Function. F. H. McCurcHeon 18f 


Further Serological Data on the Relationships of Some Decapod 
Gees. CNS DB, RAGED 6 oc ccccccccccsendeoscechbtccoses i932 \ 


A Partial Breakdown of Temporal and Ecological Isolation be- 
tween Choristoneura Species (Lepidoptera, Torticidae). STANLEY 
GRGIIEE < aco ccccscctccccecsccccccccccsecces ee cepenscesoeece 206 


Experimental Studies on the Distribution of Gene Frequencies in 
Very Small Populations of Drosophila melanogaster. SEWALL 
WR Ge WORN, BE. TEM ... wc cc cccccccccccccscssesescs 225 


Integration of the Genotype in Local Populations of Three Species 
OE Res Ey WOU occ cc cccccncccconecssessaboeess 241 


Hybridization in the Red-Eyed Towhees of Mexico. CHARLEs G. 
BE nn ctbn 6s 0cocsees cote cpce ceccccccbepebsnetactesesecens 252 


Notes and Comments 


ss of Selection. Everetr R. Demp- 











STER LIL. «a 'acwes 00 Gb ck ceecthoweeaste 291 


£2 BW . r and Lerner on Population Size 


“Effectiveness of Selectio ByOrn KurTEN .............2. 292 















P PUBLISHED QUARTERLY 


BY THE SOCIETY FOR THE STUDY OF EVOLUTION 


PRINCE AND LEMON STREETS, LANCASTER, PA. 
AND THE UNIVERSITY OF CHICAGO, CHICAGO 37, ILLINOIS 





ISSUED SEPTEMBER 24, 1954 














EDITORIAL BOARD 





EVERETT C. OLSON, Editor 


ASSOCIATE EDITORS 


Class of 1954 


A. Brito pa Cunna, Séo Paulo J. T. Grecory, New Haven 
A. J. Cain, Oxford H. Lewis, Los Angeles 
P. J. DARLINGTON, Cambridge (Mass.) _—A. K. Miter, Jowa City 
Class of 1955 
D. AMapon, New York J. F. Crow, Madison 
P. E. CLoup, Jr., Washington, D. C. E. B. Forp, Oxford 
C. pE PAuLA Couto, Rio de Janeiro J. T. Rosinson, Pretoria 
Class of 1956 
D. D. Davis, Chicago E. PercivaL, Christchurch (N. Z.) 
S. LeCercg, Liege N. TINBERGEN, Oxford 
H. LowEnstTaM, Pasadena B. WALLACE, Cold Spring Harbor 





EVOLUTION is published quarterly by the Society for the Study of Evolution at 
Prince and Lemon Sts., Lancaster, Pa., and American Museum of Natural His- 
tory, New York 24, N. Y. Membership fee is $5.00 per year, of which $4.00 is 
for subscription to EVOLUTION. Subscription price to non-members: $6.00 per 
volume. 


EVOLUTION is open to papers of evolutionary interest. Manuscripts and all edi- 
torial correspondence should be addressed to the Editor, Everett C. Olson, Walker 
Museum, University of Chicago, Chicago 37, Illinois. Subscriptions are to be 
ordered through the office of the Treasurer, Mr. C. M. Bogert, The American 
Museum of Natural History, New York 24, N. Y. 


Numbers lost in the mail will be supplied free if written claim is received within 
one month of the date of issue of the next succeeding number. 


Notices of change of address should be sent to the Treasurer. Directions for the 
mailing of reprints should be addressed to EVOLUTION, Prince and Lemon Streets, 
Lancaster, Pennsylvania. 





Entered as second-class matter December 20, 1947, at the post-office at Lancaster, Pa., under the 
Act of March 8, 1879. 








EVOLUTION 


f 


: 
. ‘\ & 











INTERNATIONAL JOURNAL OF ORGANIC EB OLUTION 
Vol. VIII December 1954 No. 4 
Fr tis 
CONTENTS ' \ 
Experimental Studies of the Distribution of Gene Frequencies in | 
Very Small Populations of Drosophila melanogaster III. Arista- 
pedia and Spineless. Warwick E. Kerr and SEwALL WricHT .. 293 
The Genetic Population Structure of Brazilian Drosophila willistoni. 
; 2 ne: os a. oes kinetin «eo eee hw hls aete'e 00.00% 303 
| Natural Hybridization in the Peromyscus leucopus Species Group of 
5s DEC 5.0 ctu ceed 6o<b.sncbecs bhbabeeess sate’ 314 
Prehominid Dentition and Hominid Evolution. J. T. Rosinson .. 324 
Interaction of Adaptive Values in Polymorphic Experimental Pop- 
ulations of Drosophila pseudoobscura. Howarp LEVENE, OLGA 
PAVLOVSKY, and THEODOSIUS DOBZHANSKY ............000000005 335 
An Extreme Form of Chiasma Localization in a Species of Bryodema 
(Oetmontera, Actadeaas). BM. J. D. WEEE . 2... o cc cccccccccces 350 
Evolution and Chromosomes in Intergeneric Pheasant Hybrids. 
SS Sas cok os ere e's qu mecteduae ChvEBES CCC ee08S 359 
Categories of Adaptation. GARTH UNDERWOOD .................. 365 
Hybridization as an Evolutionary Mechanism. E. ANDERSON and G. 
NE ie lg Coa e ele. 6 wuss a aie Bh to Gan alae o bale 378 
The Foramen Ovale. ‘Titty EDINGER and Davin B. Kitts ........ 389 
Notes and Comments 
Animal Forms and Patterns. DEAN AMADON .................. 405 
Editor's Notes 
S. S. E. Meetings at Gainesville, Florida ...................0.. 406 
SR RS Se a a eae cee a Vv 








PUBLISHED QUARTERLY 


BY THE SOCIETY FOR THE STUDY OF EVOLUTION 


PRINCE AND LEMON STREETS, LANCASTER, PA. 
AND THE UNIVERSITY OF CHICAGO, CHICAGO 37, ILLINOIS 


ISSUED DECEMBER 30, 1954 


‘ie 











EDITORIAL BOARD 





EVERETT C. OLSON, Editor 





‘ 
‘ 
’ 


ASSOCIATE EDITORS 


Class of 1954 


A. Brito pA CunnA, Séo Paulo J. T. Grecory, New Haven 
A. J. Cain, Oxford H. Lewis, Los Angeles 
P. J. DARLINGTON, Cambridge (Mass.) A. K. MILLER, Iowa City 
Class of 1955 
D. AMapon, New York J. F. Crow, Madison 
P. E. Croup, Jr., Washington, D. C. E. B. Forp, Oxford 
C. pE Pauta Couto, Rio de Janeiro J. T. Rostnson, Pretoria 
Class of 1956 
D. D. Davis, Chicago E. PERCIVAL, Christchurch (N. Z.) 
S. LeCiercg, Liege N. TINBERGEN, Oxford 
H. LoweEnstaM, Pasadena B. WALLACE, Cold Spring Harbor 





EVOLUTION is published quarterly by the Society for the Study of Evolution at 
Prince and Lemon Sts., Lancaster, Pa., and American Museum of Natural His- 
tory, New York 24, N. Y. Membership fee is $5.00 per year, of which $4.00 is 
for subscription to EVOLUTION. Subscription price to non-members: $6.00 per 
volume. 


EVOLUTION is open to papers of evolutionary interest. Manuscripts and all edi- 
torial correspondence should be addressed to the Editor, Everett C. Olson, Walker 
Museum, University of Chicago, Chicago 37, Illinois. Subscriptions are to be 
ordered through the office of the Treasurer, Mr. C. M. Bogert, The American 
Museum of Natural History, New York 24, N. Y. 


Numbers lost in the mail will be supplied free if written claim is received within 
one month of the date of issue of the next succeeding number. 


Notices of change of address should be sent to the Treasurer. Directions for the 
mailing of reprints should be addressed to EVOLUTION, Prince and Lemon Streets, 
Lancaster, Pennsylvania. 





Entered as second-class matter December 20, 1947, at the post-office at Lancaster, Pa., under the 
Act of March 3, 1879. 








Contributions to EVOLUTION may be in the fields of genetics, cytology, plant and 
animal taxonomy, paleontology, ecology, anthropology, bacteriology, or any other 
field of biology, provided that the facts and conclusions presented are of primary 
interest to the student of evolution. Descriptive material shall be included only 
so far as it is the basis of the evolutionary conclusions. Manuscripts are exam- 
ined for suitability by members of the Editorial Board or other competent critics. 


The length of manuscripts will be limited to twenty printed pages, unless an ex- 
ception is granted by the Editorial Board. Short manuscripts and discussions 
will be included in a separate section, “Notes and Comments.” Half tones and 
tabular material will have to be kept within economic limits. 


Proof should be corrected immediately on receipt, and returned at once with man- 
uscript to the Editor. Authors should leave forwarding directions whenever they 
move away from the address sent with the manuscript. Ordinarily page proof 
will not be sent to the author. Costs of changes in proof from the original copy 
will be charged to the author. 


Reprints should be ordered when galley proof is returned. Illustrations and cuts 
will be destroyed, unless their return is requested on the reprint order. 


PREPARATION OF MANUSCRIPT 


Manuscripts should be typewritten in double spacing with ample margins and on 
only one side of the paper. The Editor should have one carbon copy in addi- 
tion to the original manuscript. The author should keep one carbon copy. 


Legends of figures, as well as all tables, should be typed on separate sheets. The 
captions for several figures may be placed on a single sheet. 

Illustrations, including maps, should be referred to as “figures” wherever possible. 
Plates are reserved for illustrations that require paper inserts or for collections of 
small figures. All figures and plates are reduced to a maximum of 47% inches in 
width and 61% inches in length. Reductions may be stated in the caption but not 
on the figure. 


All references to literature should be collected into a list of “Literature Cited” at 
the end of the article. See recent numbers of EVOLUTION for accepted style. 


Titles should be short, preferably less than seven words. Footnote material 
should be incorporated in the text whenever possible. 


Every article of more than a few pages should have a summary limited to four 
per cent of the length of the paper; it is to be complete in itself, and under- 
standable without reference to the body of the article. The scope of the paper 
should be stated in an introductory paragraph. 


Authors are requested to prepare abstracts of their papers to be returned with the 
proof to the Editor to be forwarded to Biological Abstracts. 


Manuscripts should be addressed to 


Dr. Everett C. Olson 
Walker Museum, Univ. of Chicago 
Chicago 37, Ill. 








THE SOCIETY FOR THE STUDY OF 
EVOLUTION 





Officers for 1954 


President: KARL P. SCHMIDT, Chicago Natural History Museum, Chicago 5, Illinois 


Vice Presidents: CARLOS G. AGUAYO, 4 No. 554 Vedado, Havana, Cuba 
LEE R. DICE, University of Michigan, Ann Arbor, Michigan 
THEODORE JUST, Chicago Natural History Museum, Chicago 5, 
Illinois 


Secretary (1953-1955): HARLAN LEwIs, University of California, Los Angeles 24, 
California 


Treasurer (1955-1957): w. FRANK BLAIR, University of Texas, Austin 12, Texas 
Editor (1953-1955): EVERETT c. OLSON, The University of Chicago, Chicago 37, 
Illinois 
Elected Members of the Council: 


Class of 1954: a. H. MILLER (Berkeley), s. wricHt (Chicago) 
Class of 1955: 1. w. BAILEY (Cambridge), T. M. SONNEBORN (Bloomington) 
Class of 1956: £. ANDERSON (St. Louis), G. G. simpson (New York) 





ospjects: The object of the Society for the Study of Evolution, which was founded 
in March, 1946, is the promotion of the study of organic evolution and the inte- 
gration of the various fields of science concerned with evolution. The Society 
endeavors to accomplish this through the publication of the journal and through 
meetings and working committees. 


MEMBERSHIP: Membership is open to all those who are interested in the study 
of evolution. Members are elected by the Council. There are three classes of 


members: 
Members—Dues $5.00 (including 
subscription to EVOLUTION) 


Sustaining Members—Dues $10.00 
Patrons—Single fee $1,000. 


All members in good standing receive EVOLUTION. 


Election of officers and presentation of scientific papers will take place at the an- 
nual meeting. Special meetings may be called by the President with the approval 
of the Council. 


Applications for membership should be directed to the Secretary, to whom all 
correspondence regarding membership should be addressed. Institutions may 
not become members but may subscribe to EvoLUTION. All checks should be 
made payable to The Society for the Study of Evolution. 
=a 
' 4 s 
A \Y 





a . yo 





